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The fore-limbs, for instance, which served as legs in the parent-species, may become, by a long course of
modification, adapted in one descendant to act as hands, in another as paddles, in another as wings;

namely of each successive modification supervening at a rather late

and on the above two principles
age, and being inherited at a corresponding late age—the fore-limbs in the embryos of the several
descendants of the parent species will still resemble each other closely, for they will not hace been

modified.

Charles Darwin, 1859

Thus we discern, in the main differential character of the by-fossil-remains-oldest-known feathered
Vertebrate, a retention of a structure embryonal and transitory in the modern representatives of the
class, and closer adhesion to the general vertebrate type.

S
i b1 Ly

Richiard Owen. 13064

...If the whole hind quarters, from the tflum to the ioes, of a half-haiched chicken could be suddenly
enlarged, vssified, and fossilized as.they are, they would furnish us with the last step of the transition
between Birds and Reptiles; for tfgére would be nothing in their characters to prevent us reffering them

to the dinosauria.

Thomas Huxley, 1869
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RESUMEN
La Evolucién dél Pie de las Aves: una Mirada desde el Desarrollo

El.actual conocimiento de la sistemadtica y del registro fésil muestra como
mucho de los rasgos del esqueleto de las aves son dilerentes a los de sus
ancesiros. En el esqueleto'jd_e la pata, uno de los principales cambios es la re-
orientacion de los digitos. Terépodos basales presentaban cuatro digitos
orientados paralelamente. Las aves re-orientaran el hallux a una posicion
oponible, permitiende a la pata agarrar. En algunos grupos de aves vivientes
olras orientaciones evolucionaron secundariamente. Las re-orientaciones de
los digitos ocurren durante el desarrollo del esqueleto. En esta lesis
mveshgamos la relacmn entre los mecanismos que controlan la re-orientacién
de los digitos durante el desarrollo y la evolucién de estos rasgos. Primero,
mostramos cémo un retraso en la diferenciacién del metatarso 1 permite a la
actividad muscular' embrionaria reorientar el hallux a una posicién oponible.
En seguida, mostramos c6mo una asimetria en la musculatura de la pata es
responsable del desarrollo de un segundo digito oponible en aves
Psittaciformes. Por tiltimo, mostramos cémo la evolucién de innovaciones en
la orientacién de los digitos en todas las aves modernas depende de
heterocronias en el desarrollo del esqueleto relacionadas a la altricialidad. Los
datos llaman la atencién hacia la influencia de dos mecanismos ontogenéticos
én la »eVoluc'ién del pie de las aves: heterocronfas en los tiempos de
diferenciaciéon del esqﬁele‘to y la influencia de la actividad muscular

embrionaria sobre la morfologia del esqueleto.
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ABSTRACT

The Evolution of Bird’s Foot: a Developmental Approach

Current knowledge of systematics and the fossil record give a good picture of
how many of the features of the avian skeleton changed from. their ancestors.
In the foot skeleton, one of the main changes is the re-orientation of the digits.
Basal theropods have four-digits oriented in parallel. Birds re-orient the hallux
to £1n opposable p.osition', aﬂowing the foot to grasp. Some groups of living
birds secondarily evolvéd other orientations. The re-orientation of the digits
occurs during skeletal development. In this thesis we | investigate the
relationship between the mechanisms controlling the re-orientation of the
digits during. development and the evolution of those features. First, we show
how a delayed differentiation of the metatarsal 1 allows embryonic muscle
activity to re-orient hallux to an opposable position. Then, we show how an
asymmetry in the foot musculature is responsible for the development ol a
second opposable digit in Psittaciformes birds. Finally, we show that the
evolution of”innovations in the oriéntation of the digits in all modern birds
depends oni heterochronies, in skeletal development related to altriciality. The
data draw atiention Lo the influence of two ontogenetic mechanisms in the
evolution of the avian foot: heterochronies altering the times of differentiation
of the skeleton and the influence of muscle activity on embryonic skeletal

morphology.
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INTRODUCCION

1. Filogenia, Ontogenia y Morfologia

+

- I:as citas de los tres grandes Ilatm.'alistas de la Inglaterra victoriana
en el epigrafe de esta tesis — Darwin, Owen y Huxley —, reflejan la confusa
relacién que existia durante la segunda mitad del siglo XIX entre las ideas de
tran‘sf'ormacighiri individual del embridn y de transformacién trans-generacional
del linaje. -La- comparacién -entre adultos, embriones y (ésiles de diferentes
especies indicaba la existencia de algin tipo de relacién entre estos dos
procesos.de transformacion histérica de los seres vivos. Pero en un periodo en
que los propios conceptos de herencia, désarrollo, evolucién, ontogenia y
filogeriia “.estaban * sierido l"formulados, el entendimiento de esta relacién
permanecia obscuro. El caso de las aves es emblemadtico. Sus embriones,
cuando comparados a embriones de otros tetripodos, revelaban similitudes

insospechadas en la morfologia de los adultos. El ala, la cola, el pie y el craneo
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de las aves — tan distintos a los de cualquier otro grupo -de tetrdpodos -
develaban sus afinidades. con ina simple comparacidn entre los embriones.
Como en muchos otros casos, era evidente que el esqueleto de las aves era al
principio similar al de los otrpé"fetrépodos y durante el desarrollo embrionario
se I{lodiﬁ‘caba radicalmente.

~ Después de la: consolidacion de la teoria de la evolucidn, en las
ultimas décadas del siglo XIX, este tipo de observacién llevé a las

. : 1

concepciones recapitulacionistas de la relacién entre la ontogenia y la filogenia
(Gould 1977:). Es decir, se creia que la serie de {ransformaciones evolutivas de
una linaje se.rl’a recapitulad’a en cada serie de transformaciones embrionarias
de un individuo. La ontogenia del esqueleto de las aves, por lo tanto,
recapitularfa su historia evolutiva, pasando por la morfologia (?e sus ancesiros
anﬁbips y ‘reptiles‘, h%-lsta" llegar a su forma especiﬁpa dj ave. Esta ley
biogenética, como era llamada por Haeckel, también implicaba un modo de
transformacién evolui%iva (Haeckel 1866). La evolucién ocurrirfa por la adicién
‘de modificaciones producidas por la seleccién natural al final de Ia
ontogénesis, Por lo tanto, l.;ais‘variaciones y adaptaciones propias de las patas de
cada grupo serian fruto de la acumulacién de transformaciones de la

morfologia ancestral durante los periodos tardios del desarrollo,

conservandose al principio de éste una morfologia comin.

11
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La ley-‘-biogenélji(;a ha ;idé.olvidada con la maduracién de la biologia
celular y la biologia del desarrollo, en el inicio del siglo XX {Garstang 1922).
Sin embargo; junto c:)n el recapitulaciionismo,Nha sido abandonado gran parte
_ del interés por ei. p_a_pel del desamollo en la evolucién. Durante la mayor parte
del siglo XX, el estudio de la evolucién ha dejado de lado la morfologia y la
ontogenia, y se ha centrado en sus aspeclos genéticos y poblacionales
(Hamburger 1980). En este contexto, el hecho de que el esqueleto de los
embriones de las aves.se parezca il esqueleto de reptiles adultos no despertaba
el interés de los evolucionistas.

Sin .embargo, en las ultimas décadas hubo un renacimiento del

interés por la influencia del desarrollo en las transformaciones evolutivas

(Miﬂler 1991, Raff ’1995, Hall- 1999, Arthur 2004). Las nuevas posibilidades de
i

investigacién de la biologia molecular, biologid celular iy biologia del

desarrollo, integrados a la morfologia, paleontologia y sistemadtica hicieron de

la Biologia Evolutiva del Desarrollo unos de los campos masiprolificos de la

Biologia Evolutiva contempordnea.

El objetivo general de esta tesis puede ser resumido como un
intento de examinar ‘el problema levantado por las afirmaciones de Owen,
Darwin y Huxley, en el siglo XIX, desde las posibilidades abiertas actualmente
: por ‘Iii : Biologia Evolutiva .de=l Desarrollo. Buscamos entender como las

transformaciones ontogenéticas de diferentes aspectos de la morfologia del

12




esqueleto de las aves estdn relacionadas con su evolucién. Para esto,
integramos el conocimiento de diferentes dreas de la biologla experimental y
de. la -historia natural. L.o_; résultados estdn presentados en la forma de tres
articulos. Cada articulo esta precedidos por su propia introduccién. Por lo
tanto, esta introduccién general se limitara a una breve presentacién de tres
elementos nepesarios ,para la comprension del problema: las relaciones
filogenéticas'dé Tas ‘aves, la morfologia del esqueleto de la pata de las aves y su

ontogenia,

1.1 La Filogenia-de las Aves

La i-nve;l;igacién del desarrollo es de pocd ayuda para el
entendimiento de la evolucién si no se conoce la secuencia de Lransiciones

) p

morfolégicas que produjeron los diferentes linajes. Si bien es cierto que no es
viable conocer: éada paso en la historia de cambios de un linaje, una mirada
compar'a:tiva. entre los grupos vivientes y fésiles permite inferir cuales
transformaciones morfolégicas originaron los rasgos de nuestro interés; y una
mirada cc')mpafativa'a-idecuada depende del é;ltendimiento adecuado de las

relaciones genealdgicas entre los grupos. Por lo tanto, en el contexlo la

presente investigacién sobre la evolucién de la pata de las aves, es menesler




conocer como las aves estan relacionadas geneal6gicamente entre sf y con los

L

<

dernis vertébrados.

Las aves son vertebrados bastante inusuales, Poseen el cuerpo
cubierto de.plumas; un pico cérneo sin dientes, alas en vez manos, un pigostilo
en vez de cola. No sorprende que sus afinidades con otros vertebrados hayan
perméin;ci'atla -e'iu;:ivas “por “mucho tiempo. Carl Linnaeus, en su Sysiema
Naturae, agrupé las aves en su propia Clase. Para Jean Baptiste Lamarck las
aves derivaban de peées voladores. Sir Richard Owen las cla;‘iﬁcé junto a los
Pterodactilos. Sin embargo, desde que la formulacidén de hipétesis
ﬁlogen;aticas pasé al centrl() de las ciencia naturales en el periodo post-
darwinista, las aves fueron prontamente relacionadas a los reptiles (Bowler

i

1996). Esta litpdtesis, asi como la propia Teorfa de la EVO]IICié]f[], fue favorecida
por, el descubrimiento ‘de los primeros ejemplares de Archaeopteryz, en 1861,
poco después de que Cliarles Darwin publicarra la primera edicién de On the
Origin of the Species (Darwin 1859). Archacopteryx presenta claramente rasgos
replilianos. Después de su descubrimiento, la pregunta sobre las relaciones de
" las Ayes ,caml;)ié de foco. Era evidente que las aves eran reptiles. La nueva

pregunta era jeual grupo especifico de reptiles, fosil o viviente, estaria mas

estrechamente relacionado a las aves?
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'I;homas\Huxiéy (1870) fue el primero en defender
las aves y los pocos dinosaurios fésiles conocidos hasta en
interpretacién no prosperé en el siglo XX, La interpretaci
hz_ls_ta\l_os. aflos 1980, era de que las aves habfan evoluciona

hipotélico de arcosaurios basales, no siéndo ceréanamente

la relacion entre
torces, pero su
on hegemonica,
jo de un grupo

emparentadas o

derivadas de los otros grandes- grapos Archosauria, lales como Pterosauria,

Dinosauria o Crocodylia (Broom, 1913, Heilmann, 1926, Simps

| . .Sin embé-rjgo,.- éle_sde que Ostrom (Ostrom 1973
rescald la hipétesis de i{uxley, la interpretacién de que las
dinosaurios terépodos alcanzé el consenso entre los sistemati

Dos factores ayudaron a consolidar la hipétesis terépodo-a

on, 1946).

Ostrom 1975)
aves derivan de
cos (Figura 1.1).

ves. Primero, la

uttlizacién. de la métodologia cladistica permitié un analisis mas preciso y

falsable de la filogenia. Diversos andlisis independientes indicaron que aves y
i

]

|
terépodos maniraptores forman un grupo monofilético (Gauthier 1986, Benton

and Clark 1988, Sereno 1991). Segundo, el descubrimient

afios, especialmente eén China, Espaifia, Madagascar y Argentin
.de las lagunas morfoldgicas entre terépodos y aves.

estin dividides en dos

Los ‘dinosarious

+
»

Ornithischios y Saurischios. Este tdltimo, a su vez, se divid

grandes

o de una gran
variedad dé dinosaurios terépodos y aves mesozoicas: fésiles en los tiltimos 30

1a, cerrd muchas

grupos:

e en olros dos:




Sauropodomorpha y Theropoda (Figura 1), Las aves pertenecen a una rama de

los terdpodos llamada Maniraptores, que incluyen formas originalmente

herbivoras; de metatarsos-alargados y cerebros-relativament? grandes, como

Ornithomimosauros, Oviraptorosauros, Therizinosauros, Alvarezsauridos y

{

Deinonychosaurios (Figura 1). Dentro de Maniraptora, las Avés son agrupados

con Deinonychosauria en un clado llamado de. Eumanirapto

2012):

ra (Furner et al.

. . .
Son consideradas Aves (o Avialae) todas las especies que comparten

un ancestro comtin mis reciente con las aves modernas que co

n Archaeopteryz.

Varios . Eumaniraptores descubiertos recientemente son muy similares a

Archeopteryz. Algunos, como Aurornis. y Xiaotingia, han
inmediatamente afuera de Aves, mientras que olros, comc

Jiziangornis, han sido considerados més derivados que Archae

sido agrupados

y Jeholornis and

opteryz, y por lo

tanto, aves (Li et al. 2010, Xu et al. 2011, Godeéfroit et al. 2013). Tis dentro del

linaje de las aves:, en ¢l clado Pygostila (en referencia al pigostilo originado por

la fusion de vertebras de la cola) que las aves adquieren su maxima

diversificacién. En la base de. Pygostila estin fésiles como Sapeornis y

Confuciusornis, aves mesozoicas ya con algunas de las caracteristicas comunes

en el esqueleto las aves modernas (Chiappe et al. 1999, Zhou and Zhang 2003,

Zhang et al. 2009) y también la primera gran radiacién de las

aves en el clado




Enantiornithes. Fosiles dp estas aves han sido encontrades en todos los
' c'odtinenteé y endlferentes «Eﬁléoeco‘sistemat‘a. Diversas de las H-ansformzllciones
morfolégicas presenles en las aves vivientes ocurren paralelamente en
Enantiornites, como [a reduccién del numero de Talanges y la perdida de los

dientes. ¢

e s
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Euparkeria

Archosauri )
osaurna su‘:h!a
Pterosauromorpha ;
Marasuchus
~ Omisthichia
Dinosauria
. ., Sauropodomorpha
¢ iSaurischia’ PR . )
Staurikosaurus
Theropoda Coelophysis
Dilophosatirus
Tetanurae
Allosaurus
Tyrannosauroidea

. Omithomimosauria
Ornitholestes

: Maniraptora Therizinosauroidea
Alvarezsauridae

Oviraptorosauria

Epidendrosaurus

Epidexipteryx

Eosinopterix

Dromasusauridea

Eumaniraptora Troodontidae

Aurornis
Anchiornis
Xiaotingia
Archaeopteryx

A
ves - Jeholornis

Sapeornis
Pygostylia
ygosty Confuciusornis
Enantiomithes

Patagopteryx

Ornlthothoraces
Vorona

Hesperornis

Ichthyornis

Palaeognatha
Neomithes

Galloanseres

Neognatha
Neoaves

Figure 1.1. Filogenia del linaje de Ias Aves
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El grupo hermano de Enflrlll;iomithes es llamado Ornithothoraces ¢
incluye a lds. aves ‘modernas. Diversos "Ornithotora¢es basales han sido
descritos en las ultimas décadas, como Patagopteryx y Vorona. Sus patas se
caracterizan por la completa fusién de los metatarsales, fusién'de los tarsales y
torsion del metatarsus 1. Hesperornis y Ichthyornis, las tnicas aves [6siles
conocidas enel siglo XIX — ademds de Archacopteryz —, son el grupo hermano
de Neornithes, el grupe de las aves vivientes. Neornithes comprende cerca de
10.000 especies. Sus patas se caracterizan por un hipotarso complejo y
variaciones en la orientacién de. los digitos. La primera divergencia es
represei'lt;lda por las Paleognathas (avestruces, kiwis y. afines) y Neognathas.
Dentro de este ultimo, el primer clado a divergir es Galloanserae (patos, pollos
'y afines). El resto de la aves pertenece al clado Neoaves. Aunque varios grandes

grupos dentro de Neoaves estdan bien establecidos (ver capitulo 4), las

-
¢ - .

relaciones entre ellos permanecen inciertas.

1.2 La Mori'ologia de la pierna de las Aves

La organizacién bdsica del esqueleto del miembro posterior de los
tetrépodosles extremamente conservada. El la regién proximal, el estilépodo,
hay un tnico elemento — el fémur. Hacia distal, en el zeugdpodo, hay dos

elemeritos paralelos ~la tibia y la fibula. En el extremo distal, en el autépodo,

19
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‘estdn "los digitos, :'E;[ue of{ghalménte son cinco, pero. esta cantidad es
frecuentemente reducida. Entre el zeugdpodo y el autépodo se encuentran un
numero variable de elementos globulares — los tarsales. Esta organizacién
béasica, ficilmente reconocible en dinosaurios basales, ha sido bastante
l:ransf:orma.daldilranté la evolucién de las aves, originando una morfologia
singular (Figura 1.2).

Al ser Cor-nparado con la condicién ancestral, el fémur es el

elemento evolutivamente mas conservado del esqueleto de la pierna de las

S .

aves., Los fésiles muestran que.la mayorfa de las variaciones ocurrieron en las
trécleas proximales y estdn asociadas a cambios en el modo de locomocién
. ?
(revisado en Hutchinson.2001). En la regién del zeugdpodo la morfologia del
esqpe:letc?. es glucho mas 'ﬂivergente. La condicién ancestral de la tibia y la
fibula de las aves es la presencia de elementos de tamafios similares, ambos
articuladas a los hues_os tarsales libres. Esta condicién estd presente también
en Aves basales como Archaeopteryr. Sin embargo, dentro de Pygostilia, la
fibula es'té_.reducida,- estre(;héndose hacla su extremo distal en forma de aguja.
Es n::)tablemente mas corla que la tibia y ya no parlicipa de la articulacion del
tobillo.

El pie de las aves es extremamente derivado. La articulacién del

tobillio ocurre entre los tarsales proximales y distales. En las aves vivientes no

20




Figure 1.2, El esqueleto de la pata
del pollo doméstico (Gallus gallus) -
en vista lateral y distal. FE: fémur,
TI tibia; FI: fibula; TMT:
tarsometarsus, MT1: metartarsal 1;
Modificado de Ratkow, 1986

hay huesos tarsales -lil?res cuando adultas. Tres elementos proximales (el
fibulare el tibiale y el proceso acendiente} se fusionan a la tibia formando el
‘ibiotarso. El '{iniéo;tél“saf distal también se fusiona, pero a los metatarsales. La
mayorfa de las aves modernas presentan cualro digitos en los pies. Los
metatarsales de los dedos 2,.3 y 4 estén fusionados en las aves ddulas a lo largo
de su eje proximo-distal, génerando el tarsometatarso. Tl arreglo de 16s dedos
Varl;a: dentro de Ne:oaves? siendo la anisodactilia la condicién més comin — el

halux revertido y los otros tres dedos orientados hacia adelante.

d
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1.3 La Onlogenia del Miembro Posterior de Las Aves
Las caracteristicas singulares del esqueleto de las aves son

adquiridas durdnte el desarrollo embrionario. El conocimiento sobre las

interacciones celulares y moleculares que ocurren durante el desarrollo de la

. -

pata y su'sistema esquelético ha avanzado mucho en las tiltimos décadas,
permitiendo nuevas aproximaciones hacia el problema de su evolucidn.

El esquele"to de la pata se origina por osificacién endocondral.
Inicialmente, células no diferenciadas originadas en el mesodermo lateral
forman condensaciones ‘mesenq'uimales en ¢l centro del brote del miembro.
Las. células de las condensaciones: mesenquimales  se _diferencian en
condrocitos y .or‘-iginan un “molde” de cartilago en miniatura del futuro hueso
(Figura 1.3C). El p‘mceso-;de diferenciacién de mesénquima a condrocitos es
llamado condrogénesis primaria y es caracterizado por cambios en la forma
celular y por la secrecién de proteinas de la matriz celular. El patrén de
condrogénesis primaria en los miembros es baslante conservado entre los
tetrdpodos y .esto, en parte, explica por qué los esqueletos de embriones
tempranos de diferentes especies son parecidos. Tin el caso de la pala, la

primera condensacion ocurre en la porcién proximal y origina el estilépodo

(fémur); posteriormente la condensaciéon del estilépodo se bifurca en la

“
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extremidad distal y origina el zeugépodo (fibula y tibia); por Gltimo, se forman
los elementos del autépodo (tarsales, metatarsales y falanges) (Figura 2A}. La
regula(':i(')n del patrén de condrogénesis primaria ha sido utilizada como
sistema modelo” desdé 1a embriologia experimental y muchos de los eventos
moleculares involucrados en ésta han sido caracterizados (para una revisién ver
Towers y Tickle (2009)).

La condrogénesis primaria es seguida por una etapa de condrogénesis
"s.f:’cundarz'a,?cuaﬁdo los ‘cond;ocitos proliferan y se diferencian, dando forma al
elemento. Indian hedgehog (Ihh) es el principal factor caracterizado en la
condrogénesis‘ securidaria, promoviendo tanto la proli[’(;racién de los
condrocitos (Vortkamp et al. 1996, Kronenberg et al. 1997, Karp et al. 2000,
Mmma et' .al. =.I.ZO()I),‘. r;omt;‘ su diferenciacién’ (Hartmann and Tabin 2000,
Minina et al. 2002, Amizuka et al. 2004, Hu et al. 2005). El efecto de Ihh es
mediado por- efectores de esta via, como Pte y Glil y Gli3 y también por la
inetraccién-con cl)u'as,Vfas, especialmente con PTHrP (Hilton et al. 2005, Koziel
et .aI. 2005) (Figuxl'a 1.3B). _Al final de la condrogén_esfs, los condrocitos
hipertréficos mueren por apoptosis, dejando la matrix extracelular para la

invasion de osteoblastos.
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Figura 1.4. (A) Diagrama de una de la epifisis mostrando la distribucién de los diferentes tipos de
condrocitos durante la osificacion endocondral ; (B) Diagrama mostrando el papel central de THH en
el processo de osificacién endocondral; (C) Hibridizacién in sif mostrando la expresién de Ihh y Ptc
en los metatarsales de un embridn de polle en HH30.

El patrén de crecimiento durante la condrogénesis secundaria y la

osificacién determinan la forma bésica de cada elemento del esqueleto. Sin
embargo, la mo.pfologfa del esqueleto depende también de la interaccién con
los mﬁscﬁlos y los tendones durante el desarrollo embrionario. Los
precursores de los mﬁsculos y tendones se originan en los somitos y migran
tempranamente hacia el brote del miembro. Una vez en la pala, se diferencian

en grandes masas de musculos y tendones que se subdividen hasta formar las

estructuras individuales,
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‘BI' desarrolio’ del ésqueléto @izé ofrece la evidencia mas
contundente de la relacién entre dinosaurios y aves. Coincidencia o no, tanto
la investigacién del p;lpel de la-ontogenia como mecanismo transformador de
la ﬁlogen'i_a COIMOo 'Ia hipétesis de que las aves estin emparentadas a los
din.osail.ri'(-)s' estuvieroﬁ e-clip‘sadas juntas durante grande parte del siglo XX,
Investigar cémo el esqueleto de la pata de las aves desarrolla sus caracteristicas
singulares ofrece la p-osibilidad no solamente de entender su evolucién, sino
que también larelacién entre la evolucién y el desarrollo.

3

Esta tesis aborda los mecanismos de desarrollc de las

T

reorientaciones de los digitos de las aves y sus consecuencias evolutivas. En el
primer capitulo se examina el desarrollo del halux oponible; el segundo
capitulo. se trata de :Ia adqujsicién de un segundo digito oponible en ciertas
aves modernas; y finalniente, el tercer capitulo investiga la relacién entre los

modos de desarrollo y las variaciones en la morfologia del pie de las aves

modernas.
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The Development of the Opposable Hallux in the Bird Foot and

its ivolutionary Implications

i

Abstract: Most extant birds have an opposable hallux that allows the feet to
grasp, which evolved from the non-opposable hallux of early theropod
dinosaurs. Morphological comparisons between avian and non-avian
theropods indicate that the.acquisition of a retroverted hallux is caused by the
displacement of the articulation of metatarsal 1 (Mt1) to the ventral side of
métatarsal 2 (M1t2), and by the twist of the long axis of Mt1, To understand the
developmental mechanisms involved in the evolution of the opposable hallux,
we studied the ontogeny of these traits in chicken and quail embryos. The
reorientation of the hallux begins with its flexion perpendicular to Mt2 and its
displacement to the ventral side of the fool. The twist of Mtl begins at
embryonic day 10 and causes a change from a medial orientalion to a fully
opposable one. This coincides with the establishment of muscular connectivity
and the onset of embryonic motility of the hallux. Embryos paralyzed at HH34
do not fully retrovert the hallux and have a straight Mtl shaft, phenocopying
the inorphology of Mtl of early theropods. Mtl shows slow cartilage
differentiation and late ossification, suggesting a prolonged phase of early
plasticity that allows Mtl to become twisted by the action of muscular activily.
These results stress the importance of embryonic muscular activily and raltes of
ontogénetic: -processes for understanding the evolution of this major
innovation of the avian lineage. '

Keywords: bird evolution, dinosaurs, foot, opposable haliux.
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3.1 Introduction

1
I

|
A major morphological modification in the evolution of birds is the

acquisition of an opposable hallux(Sereno and Rao 1992). The foot of tetanuran
dinosaurs (including birds) has four digits, but digit 1 (DI, the hallux) has lost its
proxi{na[‘ grticulati.qn"t\o the tarsus. The shape of metatarsal 1 (Mtlf:) tapers towards its
proximal end, presenting a non-synovial articulation to metatarsa[I 2 (Mt2). In early
tetanurans, the foot stood on digits 2, 3 and 4 but D1 was not opposable and was similar
to a dewclaw, hanging from Mt2 (figure 1A, B). In early Paraves (Scansoriopterygidae
+ Dromaeosauridae + Troodontidae + Aﬁalae), D1 became larger and at level with the
other zdi-gits (figure 1C). Thereafter, during the early evolution of birds, the hallux
became opposable to the other digits, allowing the foot to grasp (figure 1D). By this
nieans, the opposable hallux came to be intimately associated with the way of life of
many modern b_irds. and its evolution is often discussed in the debate about the cursorial
or.“arb(‘)real_ origin'ofbirds; (Padian and Chiappe -1998).

Modern birds show different grades of hallux opposability, ranging from
non-opposable, (e.g. Apterygidae or Cariamae) to fully opposable (e.g. Galliformes or
Passeriformes). This variation" has been-ascribed to two factors: (i): the position of the
- articulation between the Mt1 and the medial-to-ventral face of Mt2: the more ventral the
joint, the more opposable is the hallux (figure 2H-J, compare boobies and songbirds);

and (ii) the torsion of Mtl along its longitudinal axis (Middleton 2001) (figure 2 A-G).

Consequently, in fully opposable halluces, the orientation is inverted and the originally
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lateral side of the digit faces towards the medial side of the foot (figure 1E).

Distal

Allosatrus Archaeopteryx

)
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Figure 2.1: Major transformations of
MtI in the evolution of avian
opposable hallux,

(A) Basal dinosaur exhibit the Mtl
(white arrow) articulated to distal tarsals
(Herrerasaurus)(Sereno 1993); (B) Mil
of basal tetanurans had lost its proximal
epiphysis and articulated to Mt2
(Allosaurus); (C) Basal birds had the
Mt1 articulated to the distal Mt2
(Archeopteryx); (D) Most extant birds

. exhibit the hallux opposed to other toes,
Distal like observed in late chicken embryo
(HH44); (E) Detail sliowing hallux
inverted orientation.

Dprsa[

'

.,

i ",
)
4
|
\
\

Vantral

In early tetanurans with an elevated, non-opposable hallux, Mtl was

. .

Historically, Archaeopteryx has been thought to have an opposable hallux (Wellnhofer

straight, showiﬁg no torsion, and articulated onto the medial surface of Mit2.

2009). However, this interpretation was recently challenged by the report of the tenth

Archaeopteryx specimen (Mayr et al. 2005). While the previously known Archaeopteryx

fossils did notﬂﬁf'f;\;'iﬁé enough ‘iriformation or suggested an opposable orientation of the

hallux (Wellnhofer 1974, Thulborn and Hamley 1982), the tenth.specimen, in which
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both feet are preserved artjculated, shows.that D1 was not retroverted: Mitl articulated
to'the medial surface of Mt2 and its shaft was straight (Mayr et al. 2005, Mayr and
Peters 200%, Mayr et al. 2067).:Theref0re, an opposable hallux evolved in birds more
closely related to Neornithes (crown birds) than Archaeopteryx,

Beyond these anatomical considerations, the embryonic development of the
hallux in the foot of extant birds remains poorly understood. The haliux of early bird
embryos is not‘retroverted, as the cartilaginous precursors of the four toes are initially
oriented in the same plane and connected by interdigital tissue (Heilmann 1926). The
opposable orientation of the hallux is acquired later in development, when digits are
separated and the foot sl::eleton has begun to ossify. To date, there is no developmental
data explicitly 'ac}.dressing the position of the non-synovial articulation or the twisted
shape of Mt1.

Here, we studied the development of the hallux in two Galliformes birds —
the Japanese-quail and ;'he domestic chicken, We determined when and how the digit
changes its orienta;ioq and the temporal relation of this process with the differentiation
of carti]age‘ e'lnd the develé)pmént of the associated musculoskeletal system. Using
experimental muscular paralysis, we assessed the role of embryonic muscular activity in
the development of the hallux. Our developmental data shows remarkable consistency
with evolutionary events documented by the fossil record, thus shedding light on the

mechanisms involvjer.:l in the evolution of hallux opposability. musculoskeletal system.
Using experimental muscular paralysis, we assessed the role of embryonic

muscular activity in the development of the hallux, Our developmental data
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shows rémarkable consistency with-evolutionary events documented by the

fossil record, shedding light on the mechanisms involved in the evolution of

hallux qpposabilfty. :
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Figure 2.2: Variation Mtl form and fossa metatarsi I position in extant birds The morphelogy, in
different views, of the Mt1 of (A) Red-backed hawk (Geranoaétus polyosoma);, (B) a petrel (Puffinus sp.);
{C) ) Red-fronted coot (Fulica rufifrons); (D) ) Magellanic homed owl (Bubo magellanicus); (E)
Humboldt penguin (Spheniscus humbolds), (F) Neotropic cormorant (Phalacrocorax brasiliensisy; (G)
Shiny .cowbird (Molothrus bonairensis), (H) Franklin’s gull (Leucophaeus modestus) in medial view; (1)
Chilean eared' dove-(Zenaida auriculata),in plantar view; (I} Peruvian booby (Sula variegata) in ventral
view; (L) Shiny cowbird (Molothrus bonairensis) in ventral view
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2.2. Material and Methods

(a) Nomgnclature

We follow an anatomical terminology based on Baumel and Witmer
(Baumel et al. 1993) compl.emented with more specialized literature. The series
of chicken’ and quail development are based on Hamburger and Hamilton
(HH) stages (Hamburger and Hamilton 1951).

(b) Experimental Animals and Skeleton Collections

Fertilized Broiler chicken eggs were purchased from a local farm
and incubated at 37.5°C and 70% humidity in an incubator with automalic
rotating shelves. Fertilized quail eggs were obtained from the colony
maintained at the Ijn;versity of Chile and incubated in the same conditions as
l;he‘ch‘icker‘} eggs. All animal procedures were in accordance with the Chilean
legisl:;tio;l .land were approved by Institutional Animal Care and Use
Committees. All bird .adult skeletons belong to the Osteological Collection of
the Vertebrate Zoology Laboratory (UCHZV), University of Chile and were
. photqgraphed W‘ith a Canon macroscopic lens.
(c¢) Skeletal Staining
Complete developmental series for quail and, chicken were

prepared for carlilage and bone staining. Embryos were fixed in 100%
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methanol for 2-3 days- at room temperature (RT). For cartilage staining,
methanol was replaced by 5:1 ethanol:acelic acid solution with 0,02% 8G
Alcian Blue (Sigma-Aldrich) for two days at RT in an orbital shaker. For bone
stgining,._embryos.wg;e rehydrated and post-fixed in 10% formalin for 1 hour
at 4°C, Following two 10-minute washes with a solution of 0.5% KOH and 50%
ethanol, embryos were stained with 0.02% Alizarin Red (Sigma-Aldrich) in
0.5% KOH for 1 hour at I’LT_. Then, embryos were cleared in a sequence of 1:3,
1:1-and.3:1 .glicerol’:;zvqter. i"or the double staining of both cartilage and bone,
Alcian Blue staining was shortened to one-da_y in order to avoid decalcification
and formalin post-fixation was omilted. For fluorescent staining of bones,
embryos were fixed in 4% of paraformaldehyde solution, washed and
inciibated for2 hours in 10pl/ml of Calcein (Sigma-Aldrich). Next they were
washed, cleared with Urea 4M and photographed in a Fluorescent
Stereoscopic Microscope (Nikon), Paraffin sections were cut at 7pm thick and
stained with Safrarin and Hematoxylin employing standard histological
::proftocois. |

(d) Whole Mount Immunofiuorescence

Four f.quail':'e'mbryos for each stage weie prepared for each assay.
Embryos were fixed in Dent’s Fix (4:1 methanol:DMSO) for 2 hours at RT,

dehydfatéd in‘ 100% methanol and left at -80°C overnight. Before
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immunostaining; thiey were bleached in Dent’s Bleaching (4:1:1
methanol: DMSO H202) for 24h at RT. For anti-collagen immunostaining,
emb;:;r;)s were dl.;sected and dlgested with Zmé/ml of hyaluronidase {Sigma) in
PBS for 2 hour at 37°C. Before immunostainings, embryos were rehydrated in
PBS 1% triton (PBST)f and incubated in primary antibodies f01: two days at 4°C
in an orbital shaker. Primary antibodies were diluted in 2% horse serum, 5%
DMSO iI; PBST at the following concentrations: 1:20 anti-myosin 2 (MF-20,
Developmental Studies Hybridoma Bank, DSHB); 1:10 anti-l:fenascin (M1-B4,
DSHB); 1:40 anti-colagen type II (II-1I6B3, DSHB); 1:20 anti-colagen type X
(X-ACQ)‘; .and | 1'_:200 anti-hedgehog (shh-160, Santa Cruz Biotechnology).
Secondary antii)bdies anti-mouse and anti-rabbit (Alexa-488 and Alexa-Fluor
594, Jackson ImmunoResearch, PA) were diluted in 5% goal serum, 5% DMSO
in PBST and incublated for 24h.at 4°C in movement. Embryos were washed in
PBST, cleared for five days in a solution of Urea 4M with 20% glycerol (Hama
et al. 2011) and then photographed in a fluorescent stereoscopic microscope
(Nikon). Negative controls for the secondary antibodies were performed on
embryos processed without pre-incubation with primary antibodies and did
not exhibited detecte;ble fluorescence.
(¢) Embryo Pa;'alysis

We treated seventy-two chicken embryos at HH34 in three
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indgpeﬁn@et_}._tv rounds. of :ezgperilrients. EIIl_bI';YOS were paralyzed by the
application of 100pl of a Sf:)l‘lltiOI’l of 1,6g/ml of Decamethénium bromide
diluted in PBS (rigid paralysis) (Hall 1975, Pitsillides 2006) or 200pl of a
solution of Smg/ml Pancuroniu;n bromide diluted in PBS, followed by a
second appli;:ati.on of. 1001, two days later (flaccid paralysis) (Nowlan et al.
2010). Control embryos received the same amount of the vehicle, PBS. The
drugs were delivered with a micropipette through a small hole in the shell
above the air camera. Eggs were sealed with adhesive tape and re-incubated

until the:appropriate st'ages,'veri'ﬁed by morphological criteria.
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2.3. Results

(a) Shifts-in position of the hallux during development

The cartilaginous precursor of Mtl originates in the medial side of
the foot, Jalmc’;‘st 'pé;ﬁenaiéﬁiar to the limb main axis (HH30, figure 3F, black

arrowhead). A change in orientation of Mtl begins at HH32, as the enlire

hallux becomes tilted, with its distal end slightly displaced towards ventral

(backwards, Tigure 3A, white arrowhead), and rotates such that its ventral side
comes to face the_lateral.sici&-of the foot, much like a human thumb (see HH32,

figures 3B and 3D). At HH34 and HH35, hallux phalanges form an angle with

‘mtl, pointing towards: distal while mt1 remains slightly tilted, giving the hallux

a distinctive “L” shaped appearance in-medial view (figures 3C and 3D). At

.t

stf;ge HI&SG, ‘the i:)halanges 6f D1 are re-oriented again, such that the entire
hallux becomes perpendicular to the main limb axis, its lateral side facing
distal, in an eIevatec{; spur-li];e orientation (figure 3D). Also at HH36, the
prq?('imgl} contact of Mt1 to'Mt2 moves markedly towards the ventral face of Mi2
(figures 3D and 3E) At HH38 an opposable hallux has been attained: It is no
longer spur-like, pre.senting a backward orientation (iL.e., towards veniral
Figure 3C and 3D) and its lateral side faces the medial side of the fool (Figure
1F ). Figura.éG summarizes the changes in the orientation of Mt1 with respect

to Mt2 in successive stages of development.
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Figure 2.3, The displacement of the hallux: (A) Dorsal and medial views of the feet of Corurmix
jjapoiica showing the- external morphalogy .during the development. of the ‘hallux, Scale bar: 1mm; (B)
Dorsal and medial views of Alcian Blue/Alizarin Red stained feet skeletons of Coturnix japonica showing
changes in the orientation of the hallux (black arrowheads);(C) Detail of hallux skeleton in dorsal view;
(D) Detail of hallux skeleton in medial view; (E} Cranial view of Coturnix japonica feet sectioned near the
level of MT1 articulation .and immunostained against COLII showing changes in the orientation of the
-MtI (white arrowheads); (F) Quail embryo.stained with Alcian Blue, showing the s}nall size and position
of the hallux in the early stages of cartilagé development (HH30); (G) Diagram picturing the changing
orientation of MT1 between HH32 and HH36 in relation to MT3 and MT?2. .

1

(b) The torsion of Mt1

In quail and chicken embryos at HII35, the long axis of Mtl is
straight. At IIH36 it becomes slightly twisted. at its proximal end, and at HIT40
torsion s conspicuous along its entire axis {figure 4B), similar to the
completely ossified Mtl of a juvenile chicken (figure 4C). As described above,
at HH36 the lateral side of the Mt1 is facing distal (figures 3D and 4D, red line).
The torsion of Mtl is responsible for the change from this orientation to a
completely opposablé digit:-as Mtl twists, the lateral side of D1 changes from
facing distal to facing' medial (figure 4D, red line). The torsion is also
responsible for the backward projection of the phalanges from their previously

medial, spur-like orientation (figure 4A)

38




HH35 HH36 HH36 HH40

4414

ventral ventral ventral medial ventral

Cc

lateral

ventral

Figure 2.4. The torsion of MT1 (A) Lateral views of left feet of Coturnix Japonica late embryos
showing the rotation and elevation the hallux (white lines); (B) Ventral views of Alcian Blue/Alizarin
Red stained Mtl of chicken embryos showing the onset of its torsion. Arrow indicate the direction of
torsion;(C) Alizarin stained Mt1 from a juvenile Gallus gallus in dorsal and ventral view. Arrows indicate
the direction of torsion; (D) Diagram picturing from proximal view the torsion orientation of Mt]_
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(c) 'I;latu'i'z;;ion and ossifi(;at'i'on‘ of £VIt1 is delayed and begins at its
proximal end.

The ossiﬁc;ﬁon of metatarsals 2, 3, and 4 begins around HIH34 and
their diaphy~§e§ are yvell ossified at HHS7, covering over 50% of each of the
three ;netatarsals' (figure ‘SA and 5B). Proximal phalanges begin to ossify at this
stage and at HH40 almost all are ossified (figure 5C). In conlrast, ossification of
Mt1 begins only at ﬁHéO, t;eing the last element of the leg — except for the
tarsals — to oqsifj{. Moreov'_'er,. ossification starts at an eccentric position, in its
slender proximal tip (Figure 5C, black arrow).

In order to understand the absence of the proximal epiphysis and ils
possible influence in the development of an opposable hallux, we investigated
the. early differentiation of Mtl cartilage wusing whole mount
immunofluorescence assays for markers of skeleton development. Melatarsals
are long bones that differentiale in a process called endochondral ossification
~ the inner replacement of a cartilaginous scaffold by bone. Cartilage is
initially composed by immatire chondrocytes, characterized by the production
of collagen type TTA (COLIIL) (St-Jacque.s et al. 1999). Carlilage maturation
begins when cells in the center of the element become fattened, and start to

produce Indian hedgehog protein (IHH) (Vortkamp et al, 1996, Kobayashi et al.

2002). Those cells later exit the cell cycle, begin to grow (hyperlrophy), stop




producing COLII and produce collagen type X (COLX) (Minina et al. 2001).
Eventually, the hypertrophic cells die by apoptosis, leaving their extracellular
matrix for ossification and remodelling. This dynamic of expansion from the

center towards the ends generates two fronts of differentiation — the growth

plates (Kronenberg 2003).

A HH35 B HH37 C HH40

s &
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Figure 2.5: MTI ossifies late in relation
\

_! ‘ [ | | to other foot bones. Red alizarin staining
| o ! ’ . of quail embryonic foot shows that the
! | ” " | ossification of Mt (black arrow) is
| % i v . | delayed in relation to other metatarsals:
I ‘ i 1 a J (A) HH35, (B) HH37, and (C) HH39.
s |

Compared to the other three avian metatarsals, Mtl is a small
element since the beginning of chondrogenesis (figures 3F and 6A). The size
difference increases at HH32, when the other metatarsi elongate conspicuously
and Mtl keeps its small elliptic shape. The presence of COLII as a marker of
immature chondrocytes, is detected in the entire element as late as HH38,
indicating its slow differentiation (figure 6A). On the other hand, metatarsals 2,
3, and 4 exhibit large areas at their centers lacking COLII (an indication of
cartilage maturation) since HH34 (igure 6D). A similar COLII-free area

appears in Mtl only at HH40, when COLII becomes restricted to the distal half
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of the element (figure 6A), except for a very small domain of COLII preserved
in the proximal end at HH40 (figure 6A, white arrowhead), that has almost
disappeared at HH42. THH production starls in the proximal end of Mtl at
HH34 (figure 6B). The cartilage quickly changes its form, becoming conical at
the proximal end at HH35. Histological sections show that hypertrophic
chondrocytes appear at the distal exireme at this stage (Figure 6C). A single
domain of THE is maintained in the proximal end until HH38 and, at HH4O0,
two domains of IHH are discernable — a large one in the center and a small one
‘in the proximal extreme (figure 6B, white arrowhead). However, this proximal
spot of IHH production soon disappears, and a single domain of THH is
maiméﬁiﬁéd in the (‘:enter of Mtl at HH42 (figure 6B), whereas metatarsals 2, 3
and 4 sustain two domains of IHH since HH34 (Figure 6D). COLX synthesis
begins.in the prox'ima’.l end of Mtl at HH38 and advances towz;rds distal in the
nexi swges (figure 6E). Calciﬁcati.onpsl;arts in the proximal end at HH40, except
by. a srnall' ar(;a ézorresponding to the. small proximal domains of COLII and
IHIT at HH38. The dista.l half of Mt1 is covered by collar bone at HH42 (figure
6F). |

The expression domains of these three markers (COLIL, I[HH,

.

COLX]) and Calcein staining show that Mt differentiation starts late and in an
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Figure 2.6. The endochondral ossification of Mt1: (A) COLII expression during the development of
Mtl indicates the distribution of immature chondrocytes. White arrowhead indicates the vestigial
epiphysis; (B) THH expression during the development of Mtl indicates the distribution of pre-
hypertrophic chondrocytes. White arrowhead indicates the vestigial epiphysis; (C) Paraffin sections of
Mt1 at HH34 and HH35 show the appearance of hypertrophic cells in the proximal side at HH35 (black
arrowhead); (D) Dorsal view of COLII (purple) and ITHH (green) expression during the development of
quail left metatarsi. (C) COLX expression during the development of Mtl indicates the distribution of
hypertrophic chondrocytes; (F) Calcein staining during the development of Mt showing the beginning of
ossification.
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eccentric position, near the proximal end. A vestigial ‘proximal epiphysis is
generated but it soon disappears. This process results in a bone with .a small
diaphysis and just one gTd\_g\'zlh zone In the distal end. As a consequence of this
arrested differentiation, the Mil is completely cartilaginous until an
exceplionally late stage for a long bone (HH38) and, even after the beginning of
ossification, the cartilaginous epiphysis occupies around half its total length
(HH42),

(d) Muscle development and activity in the hallux

Mil forms as a straight cartil..age until HH35. Torsion begins at
HH36 and it 1s markedly twisted at HH38. It is an immature cartilage
throughout this process (Figure 4B). We investigate if mechanical forces
gége'i'ated' by the m‘uscular system when ii‘: is still in an early phase of cartilage
differentiation could be'responsible for this torsion.

Three muscles — two- flexors and one éxtensor — control the avian
hgllux. The muscle ﬂexér‘ hallucis longus (FHL) is the only extrinsic muscle of
I:he' "hal.IUX —l its belly is situated outside the foot,.in the ventral shank; ils
tendon goes through the lateral hypotarsus and crosses obliquely to the ventral

. »

tarsometatarsus, and its principal insertion is in the ventral base of the ungual

phalanx (figure 6C). Quail embryos exhibit.a well-individualized FHL at HH33,
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Figure 2.7. The development of hind limb muscles and tendons (A) Whole-mount immunofluorescence
against myosin in quail embryos between HH33 and HH36 reveals the development of musculus extensor
hallucis longus (EHL), m. fexor hallucis longus (FHL) and m. flexor hallucis brevis (FHB); (B) Whole-
mount immunofluorescence against tenascin in quail embryos reveals the insertion of EHL (arrow), FHI,
(arrow), and FHB (arrow); (C) Schematic representation of the foot musculoskeletal system at HH36 and
the muscular forces proposed to provoke the orientation change of Mt1.
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as can be visualized, 'by:)ﬂzvhole_-mount immunofluorescence against Myosin
(figure 6A), Its insertion is discernible by the expression of Tenascin at HII35
(figure 6B, white arrow}vhead).

The other flexor of the hallux, the muscle flexor hallucis brevis (FHB),
. 1s l_ocatéd‘ in the medio-ventral side of the foot; its tendon inserts in the ventral
side of Mt1 or at the base of the proximal phalange, depending on the species
(George and Berger 1966). The muscle originates from a common mass of
muscular fibre for all ventral intrinsic muscles (Kardon 1998). Its distal part is
discernible. smce HH33 (figure 6A);1 its insertion in the ventral Mt1 is visible at
HH35 (Figure 6B, red arrowhead).

The musculus extensor hallucis longus (EHL) is the only extensor of the
hallux, It arises from the dorso-medial border of the Mt2 and its main insertion
is in'the base of the ungual phalange. A secondary insertiori in the base of the
proximal phalange is common. In quail eﬁlbryos, it separates from the dorsal
mass of intrinsic mustles at HH35, when its insertion is already visible {figure
6C, white arrow); a secondary insertion is present at HH36 (figure 6B, red
amow).

Our data show that the musculoskeletal system is completely

connected .to the hallux at HI36, when torsion begins. The onsét of digit

movements occurs as soon as the muscular system is anatomically functional
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(Gottlieb and Kuo T965). -Diéits_ are. immobile until HH34, when the
mo;réméﬁts of the fc;‘)t are i:estricted to the ankle joint. The first digit
movements — synchronous extensions of all digits— appear at HH35, probably
due to the action of Ii{ie musculus. extensor digiti longus. The ﬂe):i‘on of the digits,
includin'g the hallux, starts'at HH36 (video suppl. 1).

| (e) The absenm; of muscular action on the hallux

The temporal dynamics of muscle development apd aclivity upon
the .cartilag‘iﬁous hallu.x suggest that these processes are invelved in the torsion
of Mtl. We tested this hypothesis by paraléfzing chick embryos belore the
twisting of Mtl (HH34). Eggs were injected with Decamethonium bromide to
produce rigid paralysis and Pancuronium bromide to produce flaccid paralysis.
Paralyzed embryos — both flaccid and rigid — show normal ventral
displdcement of Mtl (Figure 8B). Therefore, the change of the articulation
from the medial to the ventral side of M2 is not influenced by muscular
activity. Neveftheless,_in’ paralyzed embryos the ventral side of the hallux faces
the m;adial side of the foot and its long axis lays parallel Lo the long axis of M2
at HHA40, sim.‘ilar to’control émbryos before the torsion of the hallux (figure 8A.
and 8B). Consistent withﬂ this, Mt1 of paralyzed embryos fails to twist and has a
straight shape (figure 8C). The morphology of Mtl'in paralyzed chick embryos

is remarkably similar to that of early tetanuran dinosaurs like Allosaurus

47




Madsen 1976) (figure 8D), having a straight shaft and a ventral side facing the

medial side of M2,
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| Figure 2.8. Paralyzed embryos fail t
develop an opposable hallux

(A) Paralyzed embryos of Gallus
gallus at HH40 showing the
maintenance of the medial
Allosaurus orientation of the hallux; (B)

‘ A Paralyzed embryos of Gallus gallus
exhibit the hallux articulated to the
ventral Mt2 but not opposable: (C)
Mtl of paralyzed embryos is
straight, as opposed to control
embryos; (D) Mtl of paralyzed
embryos of Gallus gallus at HH44
immunostained for Col9 resembles
the Mt!1 of early theropod dinosaurs,
as Allosaurus

D CONTROL O
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\Madsen, 1976
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2.4. Discussion

The ontogenetic. acquisition of an opposable hallux in birds goes
thr‘b’u'gﬁ a.Sequeﬁce of ',trafi.sﬁit;:.)fy orientations. At early stages, Mt1 rotates and
its ventral side points towards lateral, like a human thumb (Figure 9A). It is
similar to the orientation known for most non-avian tetanuran fossils (Norell
and Makovicky 1997, Carrano et al: 2012). Subsequently, the contact between
Mti and Mt2 moves from .the medial ‘to the ventral side of Mi2, but the
orientation of the hallux does not change: its ventral side continues poinling
towards the lateral s'idae of the limb, with Mt1 abducted almost i)erpendicular to
the tarsometatarsus (Figure 9B-D). This -perpendicular orientation is common
in errlllbr_}:c;s of. é)the'r species like ducks (Anas plathyrynchus), zebra finches
(Taeniopygia guriata), a‘md budgerigars (Melopsittacus undulatus) (data not
shown), and some ;xl‘ant birds, like g;ﬂls, conserve this orientation in
ac_lull;hood (Figure 1H). The torsion of the Mtl begins with the hallux in the
perpendicular orllientzition and goes from medial-to-lateral. Its main effect is to
change the hallux’s Ia_teral side from facing distally to mediall}f, fully reversing
digit orientation (figure 4D.and 9E).

Th‘e optogenetic"steps in the reorientation of the hallux suggest that

the torsion of Mtl — not the displacement of the articulation — is the main
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cause of the development of the opposable hallux in extant birds. Indeed,
birds that. have the, l{%a_ll}‘l;g"'a{f‘tziculated to the medial fa_g;a of Mi2 (e.g. Sulidae,
figure 2]} can exhibit an Mt1 as twisted as birds that hav'e the hallux articulated
to the ventral Mi2 (e.g. Passeriformes, figure 2G and 2L). Moreover, the.ventral
position pf the Mtl articulation is known to be present in only some extant
birds,.and could have evolved much Iatér than the opposability of the hallux
{see below). Therefore, we identify the acquisition of a twisted Mtl as the
central characteristic that allowed the evolution of an opposable hallux.

Avian Mtl has only one epiphysis, and, although most long bones
have :two, benes that'hav‘e'a single- epiphysis are not unusual. Mammalian
melatarsals, for example, lack one epiphy'sis (the distal of the thumb and the
proximal of other toes) and the avian fibula lacks the distal epiphysis.
Nevertheless, in both cases, the-beginning of ossification is not eccentric and
the epiphysis is Iosf as the growth zone advances (Miiller 1989, Reno et al.
2006). Avian Mt1 differs from other bones that have lost an epiphysis in two
main aspects: (1) chondrocyte differentiation begins late and asymmetrically, at
the proximal end,:and (2) chondrocyte differentiation leads o an ossified shaft
thai is smaller thanlhe l(;ai'tiiaginous epiphysis. Thus, ditfferentiation of Ml is
significantly slowed down, remaining cartilaginous until much later stages than
other mietatarsi. This could allow torsion of its long axis, which otherwise may

have been impossible if mechanical forces were exerted at a later stage of
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cartil'age différentiatiion, or o;:er a;llalready ossifted bone.

The musculoskeletal system controlling the hallux is developed and
active as from HHS36 - the period when Mtl torsion begins and it is still an
immature cartilage. As the muscular activity continues, the hallux is re-
oriented aild Mt1 becomes twisted before it ossifies. The temporal coherence
of the two events supports our interpretation that muscular activily is
responsible for the ;‘.oi'sion-of the Mtl. The pharmacological paralysis of
chi?ken qmb;yos_before Mtl tor_sion.. avoids its torsion and the reorientation of
the hallux. T,hris:‘ experiment confirms that embryonic muscular aclivily is
necessary for the development of a fully opposable hallufi. Further, this
experiment phenocopies the straight, non-twisted morphology of Mt1 observed
in ancestors of birds. such as early tetanuran dil'nosaurs. The ancestral topology
of musculature controlling the hallux in these ancestors is inferred to be
similar to the topology found in modern birds (Dilkes 1999, Hutchinson 2002).
Therefore, the development of a twisted Ml probably was allowed by the
» delay of Ml differentiation, and not by’ the evolution of new muscles or
insertions. Nevertheless, we cannot rulevout the possibility that embryonic
motility begins earlier or is more intense in modern birds than in their
ancestors, and that this anticipated or amplified the influence of muscles on
Mil- developiment. Modern petrels and penguins (Hudson 1937, George and

Berger 1966) have secondarily re-evolved a straight Ml (Figure 1B andE).
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Importantly, in these taxa, the FHL and EHL muscles are absent (Raikow
1985), which again is consistent with the role of muscular activity in the
development of the shape ;)'f' M.

Taken together, we propose that the twisting of Mt1 is crucial for the
developmén_t‘ of a ,ﬁxlly opposable hallux, and is caused by the action of
muscles upon a cartilagincus precursor whose differentiation and ossification
is f’el"nafkai)ly delayed. This developmental model is msightful about the
morphology of fossil taxa related to modern birds. Cladistic analyses of
Mesozoic birds often code three ordered states for the Mtl (Clarke et al. 2006,
O'Connor et al. 2009, Godefroit et al. 2013): “Metatarsal I: () straight; (1), ventral
swy“izce‘cor-wex ffs/zal;ed 3 (2) deflected and twisted such that-the ventromedial surface
is concave proximal to trochlear surface for phalanz I.” 'The state (0) is exhibited by
Archaeopteryx  and all other non-avian Paraves represe;tatives, whose
articulated. Mt ’are preserved ((eg Norell and Makovicky 1997, Xu et al. 2000,
Zhané ot 5111.3002, Xu et al. 2011, Agnolin and Novas 2013, Godefroit et al.
2013)). Long-tailed birds from the Early Cretaceous of China as Jeholornis
prima (Zhou and Zha;lg 2002, Zhou and Zhang 2007), Dalianraptor cuhe (Gao
and.;iu 2005) and Shenzhouraptor sinensis (Ji et al. 2002) also exhibit this
plesiomo;phic s;ate. The state (1) is exhibited by basal Pygostilia, such as
Confuciusornithidae (Chiappe et al. 1999, Hou et al. 1999, Zhang et al. 2009)

and Enantiornithes (Chiappe et al. 2002, Sereno et al. 2002). They represent
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the ﬁ{‘slf .evidenc_e for a‘éhar_l-ge m -the orientation of the hallix. A similar
morphoiogy i:-; found in i)asal.‘ Ornithuromorpha (Clarké et al. 2006) (O’Connor
et al. 2011). The state (3) is known only in Ornithurae, including extant birds
(Figure 9L5).

:Birds are paedomorphic when compared to non-avian dinosaurs
(Bhullar et al. 2012), z;nd the evolution of their opposable hallux occurred
concomitant to other major developmental transformations in .the skelelon,
such as the acquisition of a pygostyle and the fusion of Larsals and metatarsals
(O’Connor 'e; al, '2011).The ontogeny of the. avian opposable hallux suggesls
that ils evolution was intimately related to the acquisition of a .malleable Mul.
We propose that 1;he -acquisition of a more malleable Mtl was dllowed by its
delayed differentiation associated to other heterochronic modifications of the
skeleton exhibited by pygostylian birds (F ‘igure 9F). Non-avian theropods and
taifed birds conserve a straight Mt1, similar to the one observed in HH32 and
in late stages of paralyzed embryos. Since the avian muscular system
controlling the digit is inferred to be: functionally smnilar to non-avian
'the;'é)pods, this suggests that-muscular activity was unable to produce torsion,
perhaps bé:cause Mt1 was more differentiated and less plastic upon the onsel
of embryonic motility‘.- In early Pygostylia, the J-shaped MLl suggests that M1
differentiation was delayed. to a somewhat lesser extent than modern birds,

such that muscle activity encountered an already differentiated proximal end,
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but a still immature, plastic distal epiphysis, resulting in a J-shaped bone.

Finally, the crosswise torsion observed in modern birds would have been

possible after a further delay in differentiation, which allowed torsion of the

entire Mtl (Figure 9E).
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2.5 Conclusion

We have shown that the development of the avian opposable hallux
was allowed by the-arresting of Mt1 differentiation and the action of muscles
over' the skeleton during the embryonic period. The importance of forces
egce;'t(;il by embi‘yonic muscuiar systems in the development of specific skeletal
traits has been demonstrated in different models (Newman and Muller 2005,
Nowlan et al: 2008, 'Nowlan et al, 2010, Schweitzer et al. 2010). In birds, for
example, _'the' cnemia} crest and the sternal quill are absent in paralyzed
ChiCI:GIII e;.rlbrjy'os (Miiller and Streicher 1989, Iall and Herring 1990).
Importantly, our developmental data shows a compelling correspondence with
documented evolutior;ary ‘changes, both at the -origin of the hallux and in its
su.bsequer_llt'__ evolution among' modern birds. This emphasizes how the
investigation of variations in the rates of ontogenetic processes and
interactions at difTer(?nt levels of biological organization are required for a
proper understanding of evolution, beyond other typically pursued research

goals such, as the identification of mutations and ecological adaptations,
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The Developmental Origin of Zygodactyl Feet and its Possible

Loss in the Evolution of Passeriformes

Abstract: The zygodactyl orientation of toes (digits IT and IIT pointing forward,
digits I and IV pointing backwards) evolved independently in different extant
bird taxa. To understand the origin of this trait in modern birds we
investigated the development of the zygodactyl foot of the budgerigar
(Psittaciformes), We compared its muscular development with that of the
anisodactyl’ quail (Galliformes) and show that while the musculus abductor digit
pid "(ABDIV)K"be'comes strongly developed at HH36 in both species, the musculus
extensor brevis digiti IV (EBDIV) degenerates and almost disappears only in the
budgerigar. The asymmetric action of those muscles early in the development
of the budgerigar foot causes retroversion of digit IV. Both molecular
phylogenetic analysis and paleontological information suggest that the
ancestor of passerines could haye been zygodactyl. We followed the
development of the zebra finch (Passerifbrmes) foot muscles and found that in
this species both the primordia of the ABDIV and of the EBDIV fail to
develop. These data suggest that loss of asymmetric forces of muscular activity
exerted on digit IV, caused by-the absence of the ABDIV, could have resulted

3

in secondary anisodactyly in Passeriformes.

Keywords: anisodactyly; myogenesis; Passeriformes; Psittaciformes;

iygbdactily.
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3.1 Introduection

[

Differences in the morphology of the foot are among the main
facto;:v, tha;. a]II)Wed the speci}‘ﬂization of the avian leg (for a review see (Raikow
1985)). The ancestral condition to extant birds was a four toed cursorial fool
(but functionally tridz;ctyl) as-observed in non-avian theropods (Ostrom 1976,
Padian and ChiapPe 1998). The anis;odactyl foot — where the digits TI, III, and
IV are oriented foﬁard while digit I 1s oriented ba,ckwarci — evolved in early
Avialae by the retroversion of the hallux (Middleton 2001, Mayr et al. 2005). In
extant birds, modiﬁcations of the anisodactyl foot produced similar
morphologies independenily in different taxa. Several families reduced or lost
the hallux. Palmated feet with webs between the digits evolved in many
species of aqualic birds. Further anatomical variation was generated by
changes in the orientation, of the digits. Zygodactyl foot have digits T and IV
. oriented ‘baci{ward ‘and diigits IT and I oriented forward, and have evolved
independently by the backward orientation of digit IV (dIV) in at least three
extant clades: Cuculidae (cuckoos), Psittaciformes (parrots) and Piciformes
(woodpeckers and allies). Syome birds are semi-zygodactyl and can facultatively
change- the »;)rientation of dIV, like Musophagidae (turacos), Pandionidae
(ospreys), Strigiformes (owls) and Coliidae (mousebirds). An arrangement that

is functionally” similar to zygodactyly, named heterodactyly,” has evolved in
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tI'x:o_gonifol}rmes‘. (f:_rogg)'ns), r1:\(1(1(‘31‘6 digits T and II are oriented backward and
digits III and IV are oriented forward. Finally, swifts (Apodidae) have a
pamprodactyl foot, a condition yvhere all four digits can be oriented forward.

It is remarkable that.almiost every variation of the anisodactyl foot
has: evolved.independently in different linages. This suggests thal not only
ecological demands, but also' developmental factors could have driven the
direction of evolutionary changes (Arthur 2004, Newman and Muller 2005). To
understand the nature of those factors, we explored one of these
transformations — the origin of the zygodactyl feet ~ from a developmental
perspective. |

Previous studies about the origin of zygodactyly have focused on its
functionality and on its ul‘ider'lying musculoskeletal organization. Zygodactyly
has oft'ejn:beén. considered as an adaplation for climbing, perching or
manipulation (Bock and Miller 1959, Raikow 1985, Zelenkov 2007, Mayr 2009).
However, taking into account the diversity of niches occ{lpied by extant
zygodactyl species and also the fact that those same niches are occupied by
non‘-z‘ygoéia.ct}'fl birds, it is not straightforward to find a common evolutionary
scenario to explain its origin. Moreover, anatomical comparison of the
musculoskeletal syste;n has shown that there is not a commo;l anatomy to all
zygodactyl feet (Steinbacher 1935; Berger 1952, Swierczewski and Raikow

1981, Bérma"n 1984), making it difficult to recognize, which elements are
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muscles were macerated with 2% KOH. The embryos were cleared in a series
of Glycerol,

(e) Immunohistochemistry and Immunofluorescence

Four. embryos f;or each stage were used for immunofluorescence
against myosin (C. japonica, M. undulatus, and T, guttata) and tenascin (M.
undulatus). Embryos were fixed in Dent’s fix (4:1 methanol:DMS O) for 2 hours,
dehydrated in a series of methanol, and left for at least 12 hours at -80°C.
Thén, the ‘specimens " were ble’acl'.led in Dent’s bleaching (4:1:1
methanocl:DMSO:H202) for 24 hours at room temperature. They were
rehydrated in phosphate buffer with 1% triton X-100 (Sigma) (PBST). Primary
antibodies ;gainst myosin: (MF-20 from DSHB, Iowa) and tenascin (M1-B4
ffoﬁl"DBHB, _16Wa) were diluted 1:20 in PBST; 5% horse serum and 5% DMSO.
Embryos were kept in primary antibody for 48 hour al 4°C in an orbital shaker.
Embryos were washed in PBST six times for one hour. Secondary antibodies
anti-mouse made in donkey coupled to horseradish peroxidase (715-035-150,
Jackson 'Imril.ltmo'Rf.:s‘earch) or Alexa-Fluor 594 (715-585-150, Jackson
ImmunolResearch) were diluted 1:300 in PBST, 2% horse serum and 5%
DMSO. Embryos were kept in secondary antibody for 24 hour at 4°C in an
orbital shaker. They were washed again in PBST six times for one hour.

Embryos labelled with horseradish peroxidase were revealed with

62




3.2. Materials and Methods

(a) Animals

Fertilized eggs of Japanese quail (Comurnix Japonica), zebra finch
(Zacnopygia gutaita), and budgerigar (Melopsittacus undulatus) were obtained
from colonies at the University of Chile. The eggs were removed from nests
and incubated in an automatic incubator at 37.5°C and 60% of humidity. All
procedures. follow the protocols approved by the ethical commil;tee. of the
University of Chile. The nomenelature employed for the skeleton, muscles,
and tendons foliow N;mzha Anatomica Avium (Baumel et al. 1993). The embryos
were staged using the normal table for Gallus gallus (Hamburger and Hamilton
1951). | |

(b} Cartilage and Bone Stain

Developmental series for each’species mvestigated were prepared
for skeletal staining, Embryos were fixed in 100% methanol for at least two
days. Cartilage was stained with a solution of 0.02% Alcian Blue (Sigma-
.Ald'rich). diluted in 5:1 Ethanol/Acetic acid for 24-48 hours. Bone was stained
with a solution of 0.02% Alizarin Red (Sigma-Aldrich) diluted in water with

0.5% of KOH for 2 hours. The excess of dye was washed with water and the
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specifically related to that arrangement. In this work we investigate the
development. of the foot :muséﬁloskeletal syslé'-em‘ of a zygod:actyl bird -~ the
budgerigar (jlfelopsz'ttqcus undulatus) — to discern which factors are causally
relz;ted to its develc;pmeni; and to understand the possible causes of ils
convergent evolution, For appropriate inference, we also examined the
development: of the fc;ot of the Japanese quail and zebra finch, two anisodactyl

birds with radically different evolutionary histories.

a
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Diaminobenzidine substrate (11718096001, Roche Applied Bioscience). ‘To
avoid background, the ﬁrst‘ 10 minutes of reaction were carried out in ice.

(d) Paralysis

Fourteen budgerigar embryos were pharmacologically paralyzed;
eight survived. After ¢andling the egg,.a small hole was opened with a needle
over the air sac. A single dose of 20ul of a solution conltaining 2mg/ml of
Deéa;n(;thoniuni? bromide diluted in phosphate (modified from (Hall 1975) was
then delivered with a micropipette to embryos at HH31 (Hamburger and
Hamilton 1951). The :egg was sealed with a gi‘ue gun and incubated without

movement for four days.
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. 3.3. Results

(a) Rotation of Digit IV in budgerigar development (Psi ttacilormes)
The first step to understand the development of the zygodactyl [ool
was to determuné when and how dIV changes its orientation, departing from
the development of the anisodactyl foot. Limb development is well known in
chicken and quail, .and thus these animals yield good anisodactyl models to
compare with the budgerigar. In these taxa, the toes develop from cartilages
originated-in a pad-like flattening of the distal limb bud. Chicken limbs exhibit
the cartilages of the four digits at HH31, except for the distal-most phalanges
(Hamburger and Hamilton 1951). At this stage, loes ‘are united by
mesenchymal tissue and E)rien’ted in the same plane. Posleriorly, the tissuc
l‘)eﬁ‘fveér‘l'ﬂfe' toes' becomes a thin.web, the digits elongate conspicuously, and a
collar of bone begins to grow in the centre of each metatarsus (HH34).
Lventually, the digits separate from each other (HH35), the hallux rotates
towards ventral and the primordia of the claws appear (HH36).
| We produced, ~a‘developme‘ntal. series [or budgerigar stained with
Alcian Blue and Alizarin Red. At early stages, the development of the foot of
‘budgerigar -does not ‘differ‘from what has been described for the domestic

chicken. The first sign of zygodactyly occurs around HH35, when dIV rolates
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medio-laterally at the level of the articulation between the metatarsus and the
proximal phalanx (figure 1ab). Consequently, the medial side of the phalanges

of dIV comes to face dorsal and the lateral side to face ventral. The dIV is then

flexed
@ HH34  HH3as HH35 HH35+ HH36 HH37 HH38
(b) HH34 HH35 HH36 HH37
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Figure 4.1: (a) The anatomy of budgerigar early foot development; (b) The anatomy of budgerigar early
hind limb skeletal development. Cartilages in blue (Alcian Blue); bones in red (Alizarin Red) (c) The
trochlea accessoria (TtA) at different stages. MtIV has been isolated and photographed in lateral view: (d)
Diagram picturing the change of dIV orientation during development. Scale bars: (a) and (b): 1mm; (c)
200pm.

65




and acquires a right, angle in relation to the main axis of the melatarsus
(HH36). The morphology at this stage is similar to that of adult semi-zygodactyl
" birds like ‘owls afid ‘tou‘rac‘c;s'. -Eventually, dIV rotates further toward medial and
the foot becomes fully zygodactyl (HH37). The rotation and flexion of dIV is
followed by a ventral outgrowth of the distal end of metatarsal IV. First, it
develops a wing-like ‘flange similar to the trochlea accessoria {TrA) observed in
l‘senﬁ-lzygdziactyl birds (HH36); later it acquires the hooked shape (or
sehnenhalter) characteristic of the 7rA of fully zygodactyl birds like
Psittaciformes and Piciformes (figure 1c). In summary, during the development
of the budgerigar foot, dIV rotates at HH35, flexes at. HH36 and further rotates
a0 HH3 (ﬁigﬁfe 1d)ﬂ.'
(b) Eztensor brevis digiti IV is lost in the development of the
budgerigard
The time al}d mode of change in orientation of dIV suggest that
early muscular activity could be acting in- the transformation of the foot, The
early development of avian hind limb muscles has been studied in the
domestic chicken (\R/:brtham 1948, Chevallier et al. 1977, Kieny et al. 1988,
Kardon 1998).,qucle; cell precursors originated in the lateral somite migrate o

the limb bud around HH22 (Hayashi and Ozawa 1991). The precursor cells
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generate a dorsal and a ventral mass of differentiating muscle fibers. Fach
mass divides, generating successively smaller masses, and eventually each
individual muscle around HH35. Movements of the ankle and digits begin at

HH32 and at HH35, respectively (Kuo 1932),

(a) (d)

HI37 , | HH
\

l HH34 HH35

‘ 3 m
| 2 ¢ =4
[ < ¢ |
|
8 \\ \ i Il
Ev > | " =
— g
| 4 =

—_ e e e

() HH32 HH35

HH36 HH37

Tenascin
1a3
Alddd

Alagy

-
o
N

-
B

[

Aldg3
Alaay
— ¢ (¢F]
Alaga

Figure 4.3. (a) Immunohistochemical reaction against myosin 2 showing the late disposition of the
ABDIV (black arrows) in relation to the changes in the orientation of dIV; (b) Immunohistochemical
reaction against tenascin showing the insertion of the tendon of the ABDIV (white arrows); (c)
Morphology of dIV in paralyzed embryos; (¢’) detail of the trochleq accessoria, (d) Diagram illustrating
the development of the musculoskeletal system in the budgerigar. Muscles in red: skeleton in blue. FDL:
flexor digitorum longus, EDL: extensor digitorum longus; FPDIV: flexor perforatus digiti IV
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The digits are controlled by a complex combination of those
individual m_uscl;es.:--Elexgn'-muscles, responsible for grasping movements, arc
found in the ventral sidé, while-extensor n’iuscles, re3p0;1sible for releasing, are
found in the dorsal .side. Adductor and abductor muscles: are defined in
relation to th‘e limb axis. Therefore, the abductor of dIV is the muscle inserted
on the lateral side of dIV, ;vhile the abductor.of digit IT (dII) is inserted on the
medial side of dII. The muscles that control the digits can be further classified
according to their loecation into intrinsic and extrinsic museclés. The extrinsic
muscles are situated in the crus while the intrinsic muscles are situated in the
foot.”

The complex combination of muscles and tendons controlling bird
toes is highly variable among taxa, There is a large amount of literature
concerning this variation, as it has been employed to investigate the high-
c;rcier phyjogeny' of birds (Cadow 1882, Hudson 1937, Swierczewski and
Raikow 1981). Those studies suggest that for Neornithes the ancestral
condition for the muscles controlling-dIV is similar to the condition observed
in Galliformes, like the chicken and the quail. In those birds, the.extension of
dIV is :cc;;ltrolle.d by one ex&insic muscle attached to the dorsal side of the
distal phalanx (M. extensor digitorum longus) and one intrinsic muscle attached

to the medial side of the proximal phalanx (M. extensor brevis digiti IV -

69




EBDIV). The medial inser.ti'on'df EBDIV probably enabl'es“ it to act also as an
adductor. The flexion of dIV is controlled by two extrinsic muscles attached to
the distal phalanx (M. flexor digitorium longus and flexor perforatus digiti 1V),
while its abduction. is produced by a ventral intrinsic muscle inserted in the
lateral face of the proximal phalanx (M. abductor digiti IV — ABDIV) (figure 3d).
To compare the development of the muscles controlling dIV in the
anisodactyl quail and the zygodactyl budgerigar, we examined embryos
immunostained for myosin type 2. We found that the development of the
extl-'insi'(-: muscl‘e.s' is very siﬁlilar in both species, However, the two species
differ in the intricate set of fusions, changes in size and displacement of the
muscle belly in relation to the metatarsus that are undergone by the intrinsic
muscles. Initially? the feetof both species exhibit the primordia of four dorsal
and I":)url\;ent;z;l muscles (figure 2ab). The most lateral primordia of the dorsal
and ventral sides of the foot generate the EBDIV and ABDIV, respectively.
Both muscles become;well developed by HH36 in ;Iuail embryos. Nevertheless,
n budgeriga:y embryos, EBDIV degenerates soon afler it separates from the
other muscles, and is réduced to a thread at HH37 (the presence of a small
EBDIV has been re_p;orted for one species of parrot (Berman 1984), but the

muscle is absent in other described Psittaciformes (Steinbacher 1935, Carril et
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al. 2014)).-On the.other hand,:the ABDIV becomes strongly developed and its
muscle belly extends for four fifths of the metatarsal length (figure 3A).

These differences in muscle size could generate. an asymmelLric
relation of forces, which is coherent with the rotation of dIV observed at
HH35. The absﬁerimc‘e of a muscle inserted in the medial side and a stout muscle
in the lateral side could account for the rotation of d1V from medial to lateral.
Then, as the lateral side of the phalanges passes Lo face ventral, the action of
ABDIV results in flexion cjf the digit, which acquires a right angle in relation
‘to the limb main axis (HH37, figure 3bd). Further flexion of dIV by action of
ABDIV, while being constrained by the extensor muscles, would lead to the
final zygodactyl orientation,-attained at HH38.

(¢) Muscular Paralysis in Budgerigar results in anisodactyl feet

T(; test the hypothesis of the influence of early muscular activily on
the development of zygodactyly, we pharmacologically immobilized budgerigar
embryos and examin(;’d the resulting foot phenotype. The in ovo injection of
the. chglinergic a.goni'st and neuromuscular blocker Decamethonium bromide

(n=8) produced paralysis in budgerigar embryos. Treated embryos were
anisodactyl at HH37 and HH38, and did not develop the 774, (Figure 3c).

(d) Both EBDIV and ABDIV are lost in the development of the

zebrafinch {Passeriformes}
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Most foot muscles are known to have been lost or vestigialized in
Passeriformes (Hudson 1937, Raikow 1987), but their early development is still
unknown. Taking into account the influence of muscle action on the

development of zygodactyly in the budgerigar, we investigated the

Ventral Dorsal

HH31

HH32

HH34

HH35

HH36

HH37

Figure 3.4: Immunohistochemical reaction
against myosin 2 showing the early
development of dorsal and ventral foot
muscles in zebra finch. Mo muscles
disappear at HH37. Arrows: EBDIV;
Arrow heads: ABDIV.

HH38




development of hind limb muscles in the anisodactyl foot: of the zebra finch

(Taenopygya gutatta). We observed "’j;‘hat, similar to quails arid budgerigars, the

primordia of“["our ventral and four dorsal muscles are present at early stages
(igure 4). However, most intrinsic muscles become vestigial during
development and are almost indiscernible at HH37 (figure 4). The absence of
bot_:l}. EBDIV and ABDIV acquires special significance since phylogenetic
analyses of fossil and molecular daia suggest that Passeriformes could have
evolved from zygodactyl ancestors and are thus secondarily anisodactyl (see

discussion below).
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3.4 Disciission

Whole-mount immunostaining of the small developing muscles and
tendops allowed us to compare the embryonic musculoskeletal system of
anisodactyl and zygodactyl birds. These observations revealed that changes in
the orientation of budgerigar-dIV during ontogenesis occur concomitant to the
modilicalions undergone by the intrinsic muscles conirolling it. While the
anisodactyl quail devél'ops fully functional ABDIV and EBDI\}, the zygodactyl
budgerigar fails to develop-an EBDIV. In the absence of the EBD1V restricting
dIv :rru)\:errmn ts, the abduction of dIV could cause the onlogenelic Lransition
from anisodactyly to zygodactyly. Consistently, paralyzed budgerigar embryos
develop an anisodacl,";il foot, which confirms that muscle aclivily is necessary
f:or ‘tl':le ontogenetic re-orientation. of dIV. In sunmary, our new data provides
compelling evidence that the development of the zygodactyl foot in the
budgerigar is caused by the asymmetric action of intrinsic muscles conlrolling
dIv.

Sinfsc .l;h(—: sgtroné' ngrinsic flexor and extensor muscles can conirol
more than one digit, most studies of zygodactyl foot have looked for a commeon
muscular orgamnization of the extrinsic muscles controlling both retroverted

digits dI and dIV in zygodactyl birds (Bock and Miller 1959, Raikow 1985). Qur
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investigation of the onlogenesis of the musculoskeletal system identifies the
reduction of small intrinsic muscles simultaneous to digit retroversion as the
most likely cause for the development of zygodactyly in the budgerigar. The
identification of the importance of intrinsic muscles brings an important new
aspecet Lo consider in the evolution of specializations in the avian fool.

(aj Epigenesis and Convergence

The (I(:velol)rxle{fll: of the musculoskeletal system depends on the
functional interlocking of initially independent processes. Muscles, tendons
and bones have different embryological origins. When brought together, their
interactions have reciprocal morphogenetic effects {Schweilzer et al. 2010).
Gonsequently, those inferactions are potential sources of variation.
Mo(liif?cal‘:i;né in the early muscle precursor tissue can cause variations in the
skeleton, and vice-versa. The developmental mechanism here proposed for the
origin of zygodactyly —-provide&s an example of the power of £I-1ose embryonic
inleractions Lo generale and drive-evolu tionary transformations.

‘The avian tarsometatarsus originates from the fusion among the
diaphyses of metatarsals II, 11T, and IV and the distal tarsal cartilage {Namba et
al. 2010). This fusion ihitially produces a common ossified dia};hysis with three
independent cartilaginous epiphyséé in each side. At the proximal end, the

interaction with tendons models the hypotarsus. At the distal enid, the complex
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combination of muscles controlling the digits resulis in an intricate set of

epigenetic influences over each of the individual epiphyses. For example, birds

e
.

which lack intfinsic muscles of the foot usually present small incisuras
intertrochlearts, narrow and parallel trochleae, etc. We propose that zygodactyly
and the associate 774 are produced by this same kind of process. They result
_ frpm the @pig_enetib influence of muscular forces over the skeleton.

The reoccurrence. of a similar set of influences over the skeleton of
related lineages coulcl_ cause convergent evolulion (Losos et al. 2000, Huang et
al. 2013, Machado-Schiaffino et al. 2014). The early presence of the primordia
of intrinsic muscles of the -foot and its variable posterior disappearance or
reduction yield a drive for the repétition of similar influences and,
consequently, for.the transformation of the avian foot skeleton. These two
factors — the effect of muscle over the form of digits plus the bias for the
riZI‘:iﬁSfOI‘Iﬁation’of intrinsic muscles — provide a mechanistic explanation for the
convergent evolution of zygodaciyly. The convergence would have been
facilitated by the flexibility of muscular system added to its influence over the

skeleton. As muscles were reduced, lost or reacquired, similar skeletal

mofpholé)gies‘evoived in parallel, including zygodactyly.
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=3 Telluraves

ol

Oscines i
Suboscines | Passeriformes
Acanthisittidae !
Zygodactylidae ™
Psittacoidea :
Cacawoidea | Psittaciformes
Strigopoidea
Quercypsittidae?
Halcyomithidae *
Messelasturidae?
Falconidae
Cariamiformes

Alcedinidae |
Momotidae ‘

Todidae
Meropidae
Coraciidae i
Brachypteraciidae |
Bucconidae
Galbulidae = Galbulae
Indicatoridae
Picidae - Pici
Capitonoidea !

Bucerotidae

Phoeniculidae Bucerotiformes

Upupidae

Trogonidae
Leptosomidae

Coliidae

Strigidae |
']'_vlunidnc-? Strigiformes
Accipitridae

Pmaflion.i.d;w Accipitriformes
Sagittariidae |

Cathartidae

W Semi-zigodactyl
W Zygodactyl
B Heterodactyl

Cuculidae i X P
Musophagidae | Cuculiformes?

©® EBDIV absent or reduced
@ ABDIV absent or reduced
B Unknown
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| Coraciiformes
i (sensu stricto)

Figure 3.5. Phylogeny of Telluraves
plus Cuculidae and Musophagidae
depicting the position of
Zygodactylidae and the loss of the
intrinsic muscles of dIV. Clades
depicted were congruently obtained by
(Hackett et al. 2008, Kimball et al.
2013, McCormack et al. 2013). The
position of Zygodactylidae and stem
Psittaciformes follow (Mayr 2008,
DeBee 2012, Mayr et al. 2013).




{b) Z&god'ab.tyl_y 11; extant and fossil birds

Zygodactyly has originated at least three times in exiant birds: in
Piciformes (Pici + Galbulae), Psittaciformes, and Cuculidae (figure 5). The
Cucko-roller (Leptosomus discolor) may represent a fourth independent origin
(F o;bes-Wzii:s‘dn 196j, Goodman 2001, Kirchman et al. 2001). The
developmental mechanism proposed for the origin of zygodactyly — an
unbalance of forces in the lateral and medial sides of the pr(;ximal phalanx —
may also explain ‘the evolution of zygodactyly in Pici (barbets, toucans,
woodpeckers ;11‘1d allie.s).. Thley are the only other Telluraves (clade comprising
most arboreal birds) — besides parrots - that have lost EBDIV but conserve
ABDIV (figure 5) [14, 15]

Exta.nt.Ga.lbulaé (vaierczewski and Raikow 1981) and Cuculidae
(Berger 1952, Berger 1953, Berger 1960) exhibit the EBDIV, and a furrow
(sulcus extensorius) on the dorsal tarsometatarsus indicates that EBDIV is also
present in stem Cuculidae (Mayr 2006, Mourer-Chauviré el al. 2013), stem
Psil‘;tacifonr.lesﬁ (D_é[ayr.'2002, Mayr 2011, Ksepka and Clarke 2012, Mayr et al.
2013), an;l stem Piciformes (Mayr 2009, Mayr and Gregorovi 2012). Those taxa
have in common two characteristics: a 774 smaller than the one present in
crown Psilacciformes and crown Pi(fi (Olson 1983, Kirchman et al, 2001, Mayr

2006,.Mayr 2009, Mayr 2011, Mayr and Gregorovi 2012, Mourer-Chauviré et al.
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2013) and an unusual trajectory of the EBDIV tendon: it does not pass through

a foramen between mtII] and mtlV - the canalis interosseus distalis — as in most

anisodactyl birds; it goes over the incisura intertrochlearis lateralis and backward

to its insertion on the medial side of the proximal phalanx (figure 6)

(Steinbacher 1935, Mayr 2002, Mayr 2003, Mayr 2006, Mayr and Gregorova
2012).

(a) Anisodactyl (b) Zygodactyl (b) Zygodactyl
(Cuculidae, Galbulae) (Psittaciformes, Pici)

Figure 3.6. The topology of dIV
tendons in (a) anisodactyl  (b),
zygodactyl with EBDIV, (¢) and
zygodactyl lacking the EBDIV. In (b)
the EBDIV does not pass through the
canalis interosseus distalis. In (c) the

tendon is absent. Modified from
B EDL B EBDIV B ABDIV (Steinbacher 1935).

If a mechanism similar to the one proposed here for crown

Psittaciformes and crown Pici is responsible for the development of

zygodactyly in other taxa, an unbalance of forces acting on the proximal

phalanx of dIV may be caused by subtler dissimilarities, like differences in the

size of the muscles or differences in the time and position of insertion of the
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tendons, as suggested by the unusual trajectory of the EBDIV tendon over the
incisura z}zterjzrocﬁleari; lateralis (not through the canalis interosseus distalss) .

The fossil record also shows that the condition observed in crown
Psita(;iformes and crown Pici (absence of the EBDIV, and large 774) is
convergenily derived from zygodactyl ancestors having a smaller 774 and the_
tendon of EBDIV };assing over the incisura intertrochlearis distalis. This
morphological pattern suggests [:Iiat.-l‘.he form and size of the 774 are related to
the degree of unbalance of the forces ‘acting over the metatarsus during
development: those birds who lost or vestigialized EBDIV - like crown Pici,
crown Psittaciformes and, probably, Zygodactylidae (see above) - exhibit larger
T7A than those taxa that kéep a’EBD1V, like Galbulae and Cuculidae.

(¢) Zygodactylidae and the Loss of ABDIV in Passeriformes

The presence of a 7rA in the distal metatarsal of dIV allows the
identification of zygodactyly even in non-articulated fossil skeletons. A group
of those fossils has been recognized as a family of extinct birds appropriately
called Zygodactylidae (Mayr 2009, DeBee 2012). Even though they exhibit a
well developed 774 in the metatarsus IV, similar to that found in Pici and
Psitaciformes, cladistic analysis points that Zygodactylidae is the sister taxon of
passérines (Passeriformes) (figure 5) (Mayr 2008). On the other hand, one of the

most robust data produced by the new avian molecular phylogenies is the
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sister relationship between Passeriformes and Psittaciformes (Ericson et al.
2006, Hackett et al. 2008, Suh et al. 2011, Wang et al. 2012, Kimball et al. 2013,
McCormack et al. 2013, Yuri et al. 201 3). Therefore, both the extinect and extant

outgroups to Passeriformes are zygodactyl, suggesting that Passeriformes had

zygodactyl ancestors (Mayr 2009).

(a) Quail (b) Budgerigar (¢) Zebra finch

distribution of dIV intrinsic muscles in
(a) the primary anisodactyl quail, (b)
the zygodactyl budgerigar, and (c) the
putative secondary anisodactyl zebra
finch. Budgerigar lost the EBDIV but
conserves the ABDIV. Both muscles
are absent in the zebra finch. Muscles
in red; skeleton in blue.

l , Figure 3. 7. Diagram illustrating the
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Considering our hypothesis on the role of ABDIV in the re-
orientation of dIV in Psittaciformes, this muscle would be expected to have
been present in Zygodactylidae. Therefore, the inferred ancestral state for the
hypothetical clade (Psittaciformes (Zygodactylidae + Passeriformes)) would be
the presence of ABDIV (figure 5). In this scenario, the further reduction of

ABDIV in the lineage of passerine birds could have caused the loss of
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zygodactyly, making thein secondarily anisodactyl. Passeriformes would be
aﬁiéod:ac-ty'l not i)y a-n étiiﬁﬁlﬁrium of forces, as in primarily anisodactyl birds,
but by the absence of any force acting on the lateral and medial sides of the
"proximal phalanx (ﬁgﬁre 7), similar to paralyzed budgerigars. The presence of
the primordia of the intrinsic muscles of the foot and their differential loss
during the deve';lhopment‘ of éach taxon indicate the phylogenetic flexibility of
the trait and supports this possibility.

(d) Hetem(‘laclyly

The singular arrangement known as heterodactyly is unique to birds
of th(.a family 'i‘rogoni’d:;le. Those birds have digits T and 1T reverted and digits
III and IV pointing forward. Molecular phylogenies include trogons in the
Telluraves assemblage (Hackett et al.), but its specific position is unresolved. If
a similar rr'_l.,ec‘l"x_anism of asymmetrical forces at early development is
responsible for the unique change of digit 1T orientation found in trogons, the
loss of muscles ought to have occurred in the opposite sides of that found in
zygodactlyl birds. The doFsal Musculus abductor digitum 2 (ABDII) is inserted in
the- medial: side of proximal .phalange of the dII and the ventral Musculus
adductor digitum II (ADDII) is inserted in the lateral side. As the toe must
rolate in the opposable direction in relation to the zygodactyl feet, the rotation

would demand the loss of the ventral intrinsic muscle (ADDII). The hindlimb
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museles of two species of the genus 7rogon have been described by Mauren
and Raikow (Maurer and Raikow 1981). The, species described present the
ABDII but do not have the ADDII, .suggesting that a similar mechanism of
asymmetric muscular action could be responsible for the development of
heterodactyly. Furthermore, they are the only Telluraves clade that have lost
ADDII but not ABDII, since other clades that do not have ADDII also lost
ABDIL (some Coraciiformes, Upupiformes, Pici, Psitaciformes and

Paé-seﬁfoi"mésj (Maurér‘and Raikow , Swierczewski and Raikow , Raikow).
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3.5 Conclusion

Extant birds ex}iibit a diversity of foot forms, which is absent in any
other archosairr gro'up.‘ﬂThe mechanism hére proposed for the origin of
zygodactyly is based on transformations that indirectly allowed that
diversification in Aves. While the intrinsic muscles of the foot are relatively
small and homogeneous i crocodilians and theropod dinosaurs, birds have
largéf, moure vari:elble aﬁi.lil"individualized muscles (Hutchinson 2002), which
allowed their differential influence on the skeleton. Furthermore, zygodactyl
‘birds are very altricial and maintain the skeleton cartilaginous for most of the
embryonic period. We propose thai foot muscle diversity and their action over
the ﬂex!‘ible embryonic skeleton caused the .appearance of new fool
configurations in birds, like zygodactyly. New fossil discoveries and further
investigati:)ns on the.anatomy and, specially, the development of the foot of
other,zyg_o,da‘i'it)fl birds will ‘contribute to test this hypothesis and further clari fy

the relalionship between foot morphology and muscle development.
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The Precocial-Altricial Spectrum and the Evolution of Specialized

" Feet in Birds

Abstract: Specialized morphologies of bird feet have evolved several times
independently as different groups have become palmate, tolipalmalte,
zygodactyl, semi-zygodactyl, or syndactyl. Birds have also convergently evolved
similar modes of development, in a spectrum that goes from precocial to
altricial. We- compared the morphology of feet and modes of development of
all extant avian families. We found that variations in the arrangément of Loes in
respect to the ancestral condition have occurred only in altricial groups. Those
groups represent four independent evenls of super-altriciality and at least ten
independent transformations of toe arrangement (four zygodactyl, three semi-
zygodactyl, one heterodactyl and one pamprodactyl group). Syndactyly also
evolved independently in several super-aliricial taxa. We propose the
" correlation between foot morphology and mode of development is related to
skeletal heterochronies due to aliriciality and epigenetic influences of
muscular activity over the developing foot.

Keywords: altricial, heterodactyl," pamprodactyl, precocial, syndactyl,

zygb&aétyl‘.-
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1. Introduction

Many of the locomotor adaptations that allow extant birds Lo explore
diff;ef‘('antéfii.t:h;as ‘occur in the feet. Modifications of the feet allow birds to be
fast runners, to climb and perch trees, to swim under and above the waler
surface, fo hunt and fish, and to walk in the mud and over aquatic vegetation,
among other abiliti'es?. The greal variely of forms generated by those
mo;lfﬁcatic')ns was emplo_;red in early avian classifications (Linnaeus 1758,
Brisson 1760, Lacépéde 1799, Cuvier 1836). The anatomy of the foot has been
described in seven main types: Anisodactyl feet have digit IT (d1I), digit LI
(dIII) and digit 1V (dTV) pointing forward and digit I (dI) pointing backward
(ﬁg;re 1b s’m.d c) From the basal anisodactyl condition three feet types have
arisen by meodificitions in the orientation of digits. Zygodactyl feet have dl
and dIV oriented bac;kward and dII and dIII oriented forward (figure 1g), a
con_di.tilon similar Lo i'Ieterodactyl feet, which have dI and dII oriented
backward and ciIII and dIV oriented forward. Pamprodactyl feet have all four
digits pointing forward (figure 1d). Other feet modifications involve the
presence of interdigital webs. Palmate feet have webs between dII, dII1, and
dIV (figure 1i) and T;)tipalinate‘feet have an additional membrane connecting
dI and dII (figure 1j). Finally, the partial fusion of two or more digits produces

Syndactyl feet (figure:1a).
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Figure 4.1. The diversity of foot
morphology was the base of early
avian systematics. Illustration of bird
foot diversity in Cuvier Le Reine Animal
(Cuvier 1836): (a) the syndactyl
kingfisher; (b) the anisodactyl thrush and
(c) buzzard; (d) pamprodactyl swift; (e)
bidactyl ostrich; (f) a semi-palmate
plover; (g) a zygodactyl woodpecker; (h)
. ) ! a lobate grebe; (i) a palmate duck; (j)a
B T Bugeoak totipalmate pelican.

Birds have also been classified according to their morphology upon
hatching and the level of parental care thereafter, in a spectrum that varies

from super-precocial to super-altricial (figure 2a) (Nice 1962, Starck 1993,

Starck and Ricklefs 1998). Super-precocial birds lack any parental care, a

condition exclusively found in the family Megapodiidae (megapodes). Precocial

birds show active locomotion at hatching and follow their parents (figure 2b);
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this 1s considered to be the ancestral -condition to Neornithes (Tullberg et al.
2002,:Birchard et al..' -2013)'. rI‘:':hey have been sub-divided in accordance Lo their
parental dependence for feeding: Precocial 1 (P1) feed on their own; Precocial
2 (P2) has the food shown to them by their parents; Precocial 3 (P3) are fed by
their parerfts-. ngi-precoqial birds show active locomotion but are fed in the
n;ast and leave it only in case of danger. Birds in the altricial spectrum hatch
with poor motor activily and are totally dependent on their parents. They are
locomotory inactive 'al-’ld stay in the nest for long periods. Altricial birds can be
_subdividec} in  semi-altricial, altricial and super-altricial following
morph;logical characteristic of hatchlings. Semi-altricial birds hatch with
feathers and eyes open, altricial birds hatch with feathers, !but eyes closed
(figure 2c), and super-altricial birds hatch without feathers and eyes closed
(figure 2d and e}

In t};e last years, molecular phylogenies employing large laxon
sampling have robustly established séme high-level avian relationships
(Ericson et al. 2006, Hackett et al. 2008, Kimball et al. 2013, McCormack et al,
2043, Yurt et al, 2013). The results show that the evolutionary history of both
traits — foot morpholog_}; and developmental mode — is very homoplastic. The
altricial mode of development has evolved independently in at least: four avian

clades: Strisores (nightjars, swifts, hummingbirds and allies) (Mayr 2010),
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a)

M Super-precocial 1) No parental care

B Precocial 1 2) Follow parents, feed alone

M Precocial 2 3) Food shown by parents

M Precocial 3 4) Young are fed by parents

I Semi-precacial 5) Stay in the nest
Semi-atricial 6) Locomotory inactive

M Atricial 7) Hatch with eyes closed

M Super-altricial 8) Hatch without feathers

b)

Palmated Totipalmated Zygodactyl

m) n)

Anisodactyl Non-anisodactyl Semi-Zygodacty! Syndactyl
and non-palmated

Figure 4.2. The diversity of developmental modes and feet morphologies in extant birds. (a) The
mode of development is classified in a spectrum that goes from super-precocial to super-altricial following
behavioural and morphological characteristics; (b) Nothoprocta perdicaria (T inamidae), a precocial new-
hatching; (c) Columba livia (Columbidae), an altrical new-hatching; (d) Phalacrocorax brasilianus
(Phalacrocoracidae), a super-altricial “water-bird” new-hatching; (e) Melopsittacus  undulatus
(Psittacidae), a super-altricial “land-bird” new-hatching; (f) The distribution of developmental modes in
non-passerines families of extant birds (g); The developmental modes in palmate families of extant birds;
(h) The developmental modes of totipalmate families of extant birds; (i); All zygodactyl families are
super-altricial (j); The distribution of developmental modes in non-passerines anisodactyl families (1); The
distribution of developmental modes in non-passerines and non-anisodactyl families (m); Semi-zygodactyl
families are altricial or semi-altricial and (n); All syndactyl families are super-altricial.
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Cuculiformes {cuckoos), Aequornithes (the “water bird” assemblage) (Mayr
2011), and Téilurave's}(the “land bird” assemblage)(Yuri et al. 2013) (figure 3).
Mogt variations ip the mqrphology of foot — palmate and tolipalmate fect,
syndactyly, zygodact.;zly and semi-zygodactyly — have also evolved convergently
in different families. '

Examining the phylogenetic distribution of foot morphology and
.mode .of develc:pment, we found a correlation between variations in the
arrangement of toes and the altricial mode of development. Considering the
influence of altriciality in the rates of skeletal growth and the action of foot

muscles at early development, we propose a developmental mechanism to

explainthis correlation.
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4.2, Material and Methods

The nomenclature employed for avian families follow the
International Omnithological Comittee (IOC) world bird list 4.2, Each of the 107
non-passerines families was classified by its foot morphology and mode of the
development, Passeriformies coniprise more than half of total bird families and
are uniforms in relation to both traits. Th(,a mode of development classification
follows Nice (Nice 1962) and Starck (1993), except that for sike of clarity
altricial 1 are called: al’griqial, and altricial 2 are called super-altricial. Foot
morphology follows descriptions in Raikow (Raikow 1985). Information about
both traits was complémented by specialized literature. The phylogenetic
history of each trait was traced by parsimony reconstruction employing
Mesquite software Version 2.75 (Maddison and Maddison 2011). Embryo from
| the c'c;‘)]'l'a—::cfion in the i;aboratory of Ontogeny and Phylogeny lin the Universily

of Chile were photographed in.an Olympus stercoscopic microscope.
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4.3. Results

(a) Precocial birds are anisodactyl or palmated

The inferred ancestral mode of development for Neornithes is P2
(Figull'e 4) Ratiteslar_ld tinéﬁl_ous (Paleognathae) are P1 or P2; Ducks and allies
{Anseriformes) are P2, while pheasaﬁl‘s and allies (Galliformes) are Super-P, P2
or P3. Many Ne,oav,e§ are also precocial: Sandgrouses (Pleroclidae) are P1,
shorebirds (Charadriformes) could be P1, P2, P3 or Semi-P; Gruiformes sensu
stricto.are P2; loons (_Gavii&aé) and-grebes (Podicipedidae) are P3. The Semi-P
mode of development evolved in kagu (Rhynochetidae), sunbitlern
(Eurypygidae), mesites (Mesitornithidae), and hoatzin (Opisthocomidae). All
precocial and semi-precocial birds are anisodactyl or palmate (figure 2g and
2j).'Palmate(.i, feet have evolved independently in ducks (Anatidae), gulls and
allies (Larii), flamingos (Phoenicoptericiae), and grebes (Gaviidae). Some
precocial birds have webs only between proximal phalanges (Anseranatidae) or
lobate webs (Heliornithidae, Podicipedidae, and some Rallidae) (figure 1H).

(b) Tot’ipalmate birds are altricial or super-altricial

Totipalmate feel are present in tropicbirds (Phaethontidae), pelicans
{(Pelecanidae), gannets (Sulidae), [rigatebirds (Fregatidae), cormorants
(Phalacrocoracidae), and darters (Anthingidae). Tropicbirds are altricial, but all

otherlotfpahﬁate families are super-altricial {figures Zh and 3). -
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Figure 4.3. The phylogenetic distribution of develop
phylogeny based on (Ericson et al. 2006, Hackett et al.
Yuri et al. 2013) of all extant bird families depicting the mode of development and the morphology of

foot.
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Totipalmaté birds have been historically classified in the order
Pelecaniformes (W etmore 1934). However, the totipalmate foot is now thought
to 'have evoi{;éd”.indepenideritzly in three clades: Pelecanidae, Suliformes
{(Sulidae, Fregatidae Phalacrocoracidae, and Anhingidae), and Phaethontidae
(Ericson et al. 2006; Hackett et al. 2008, Kimball et al. 2013, McCormack et al.
2013, Yuri et al. 2013). Pelicans are closely allied to the semi-altricial and
ani;,odacLyl .shoebi-ll (Balaenicipitidae) and hamerkop (Scopidae), the three of
them being grouped in the sister taxon of a clade composed by herons
(Ardeidae) and ibis ;(Threskiofnithidae). Both Pelecanidae and Suliformes
belgng to the Aequornithes clade (figure 3). The phylogenetic posilion of
Phaethontidae isl uncertain (Hackett et al. 2008, McCormack et al. 2013, Yuri et
al. 2013), but they can also be included within Aequornithes {Cracraft et al.
2004, I_".ive.zey and Zusi 2007).

- Other Aequornithes with webbed feet are the penguins
(Spheniscidae) and the Procelariifformes (Procellariidae, Diomedeidae,
Hydrobatidae, and'_ Pelecanoididae). Molecular phylogeny  supporls
Spheniscidae as l'};e s;ster group of Procellariiformes (Hackett et al. 2008,
Kimball et gl._2013,‘McC01:Inack et al. 2013, Yuri et al. 2013). Spheniscidae are

altricial and Procellariiformes are semi-altricial., The two taxa are characterized

by a highly reduced hallux (or totally absent in the case of albatrosses) and it is
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difficult to discern if they have a web between dI and dII, so if they are
palmate or Lotipalmate.

(¢) Heterodactyl and Zygodactyl birds are super-altricial

All zygodactyl and heterodactyl birds are super-altricial (figure 2i).
Trd:gori's (Trogonidae) aré the only extant heterodactyl birds. Zygodactyl feet
are present in cuckoos (Cuculidae), Leptosomus (Leptosomidae), parrots
.(Psittaciformes), and’ woodpeckers, toucans,” barbets, jacamars and allies
(Piciformes) (figuré 3). Leptosomus 15 sometimes described as semi-zygodactyl
(Fl'orb;as 1880),;1)111: rﬁoéem oi)se;'vations of live nestling and adults show that it
is fully zygodactyl, even when not perched (Forbes-Watson 1967, Goodman
2001).

Zygodactyl feet have evolved independently in different super-
altricial.taxa (ﬁgure‘4). Cuckoos (Cucvilidae) are congruently supported within
Neoaves, but unrelated to other super-altricial birds (Ericson et al. 2006,
Hackett et al. 2008, I;(im,ball et al. 2013, McCormack et al. 5013, Yuri et al.
2013). All  other gygodaptyl birds (Leptosomidae, Piciformes, and
Psittacifor.'n.r;es) are Telluraves (Hackett -et al. 2008, Kimball et al. 2013,
McCormack et al. 2013, Yuri et al. 2013), a clade divided in two main branches:

Australavis and Afroaves {Ericson 2012). Basal families of both clades are semi-

altricial, implying that suﬁer-allriciality probably evolved twice in Telluraves
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(igure 4). The z.).(godactyl parrols pertain to Australavis, forming
Psittacopasserae (Suh et al. 2011) with Passeriformes (Figure 3). A zygodaclyl
extinct family, - called Zygodactylidae, is considered sister group of
Passerii"ormes (Mayr 2008). Leptosomus and Piciformes are Afroaves (Hackelt et
al. 2008, Kimball et al, 2013, Yuri et al. 2013). Leptosornus is a basal Eucavilaves,
group that contains Piciformes. as the sister taxa of Coraciiformes {figure 3)
{Kimball et al. 2013): Zygodactyly is inferred to have evolved independently in
both groups — Leptosomus and Piciformes. Non-zygodactyl fossil representalives
of stem Cuculidae (Baird and Vickers-Rich 1997, Mayr 2006, Mourer- Chauviré
et al. 2013}, Leptosomidae (Mayr. 2008), Psittaciformes (Mayr et al. 2010, Mayr
2011, Ksépka and Clarke .20'1'2, Mayr et al. 2013), Piciformes. (Mayr 2009) and
Pici (Mayr and Gregorova 2012) are know.n. Morphological differences (Olson
1983, Raikow and Cracraft 1983) and the existence of non-zygodactyl stem Pici
representatives (Mayr and Gregorova 2012) suggest the possibility that Pici and
Galbulae are 'intiépendently zy;godactyl. '_Therefore, zygodactyly has evolved
four or five times in extant birds associated to three independent origins of
super-altriciality: The heterodactyl trogons (trogonidae) are the sister taxa of
Picocoraciae (Mayr 2011) and, as all Eucavitaves, are super-altricial (Figure 3).

K (d) Semi-z.ygodaclyl birds are altricial or semi-altricjal
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Semi-zygodactyl birds are able to facultative abduct dIV, reaching a
.' szgz)d“actyl “or ‘s’e'_rr.l'i?zygod'a.(::ﬁtﬂ 1;osition. Turacos (Musophagidae), ospreys
(Pandionidae), owls (Strigiformes), and mousebirds (Coliidae) are semi-
zygodactyl. Musophagidae and Pandionidae are semi-altricial, whereas
Strigiformes and Coliidae are altricial (figure 3).
| 'Selﬁi—zyéodaclyly -evolved independently at least three times in

extant birds (figure 4). Turacos (Musophagidae) are semi-allricial Neoaves, and
have been historically classified as the sister”group of Cuculidae, but their
relationship remgins uncertain. Other extant semi-zygodactyl birds are basal
Afroaves (Ericson 2012). .(Sspreys (Pandionidae) are Acciptriformes. The
altricial owls (Strigidae and Tytonidae). and mousebirds (Coliidae) are closely
rélated to Eucavitaves. The exact position of mousebirds is c;)ntroversial and
they can be the sister taxa of owls. Therefore, semi-zygodactyly in extant birds
is inferred to have evolved in two independently semi-altricial clades and one
or two altricial clades, depending on the phylogenetic position of Coliidae.
Some raptorial-like fossil stem Psittaciformes are also believed Lo have been
semi-gyg_odactyl' (Mayr et al. 2010, Mayr et al. 2013).

(¢) Pamprodactyl birds are super-altricial

Swifts (qudidae) represent the only uncontroversial pamprodactyl

taxon. The parakeet genus Micropsitta (Psittaciformes) and the oilbird
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Figure 4.4. Character history of developmental modes and feet morphologies. Character history
traced by parsimony showing a correlation between multiples events of altriciality and foot morphology
evolution. Passeriformes have been considered as three anisodactyl clades: Acanthisittidae, Suboscines,
-and Oscines. As discussed in the text, some Passeriformes, Meropidae and Trochilidae are syndacty].

(Steatornithidae) are considered pamprodaclyl by some authors, but

1

their hallux seems to point medially, not forward (Collins 1983). They are all
super-altricial. Mousebirds (Coliidae), on the other hand are altricial and
facultative pamprodactyl.

Most Strisores f"amilies are semi-altricial and anisodactyl (figure 3).
Super altriciality is inferred to have evolved twice: in Apodiformes (swifts and
hummingbirds) and oilbirds (Steartornithes) (figure 4). Pamprodactyly in swilts
and the peculiar morphology of oilbird I"o;)t evolved associated to those two
inc'lep'endgnt origins of super-altriciality inside Strisores. Interestingly, the
fossil Kurofluvioviridaves was first classified in Strisores (Mayr 2005), but later
dismissed as incertae sedis based on the morphology of its zygodactyl feet

(Nesbitt et al..2011).

N .

(f) gyﬁdactyl birds are super-altricial

Syndactyly occurs as different grades of fusion of proximal

phalanges of two or three toes in several passerine families (Passeriformes)

[29, 30], most kingfishers (Alcedineé), todies (Todidae), motmots (Momotidac),

bee-caters (Meropidae), jacamars (Galbulidae), wood-hoopoes (Phoeniculidae),

hoopoes (Upupidae), hornbills (Bucerotidae) [27, 29, 31], trogons (Trogonidae)

99.




and some hummingbirds (Trochilidae) (Mayr 2003). The' trait is highly plastic,
but restricted to super-altricial birds {figure 2n). Except for Trochilidae, all
syndactyl species are Telluraves. The trait could be synapomorphic for
Cavitaves (Kimball ét al. 2013), secondarily lost by taxa as Bucorvidae and some

Alcedines (figures 3 and..4).
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4.4, Discussion

While the precocial spectrum is related mainly to behavioural
variations, the altricial spectrum is characterized by 1110?'phological and
ontogenetic differences, especially in rates of development. The phylogenetic
p'at!;el-"n suggests a correldtion between altriciality and two traits: (a) the
presence of a web between dI and dII and (b) changes in the orientation of the
toes. We discuss above the possible relation between altriciality and putalive
developmental process that could have influenced the evolution of those two
traits,

(a) Totipalmate feet, developméntal mode and hallux size.

Early embryos of birds have all digits connected by mesenchymal
tissue, and the separation of digits begins at embryonic stage HH34 and is
finished at HH36 (between embryonic days 8 and 10) in the domestic chicken
(Hamburger and Hamilton 1951). The webs between digits disappear as the
mesenchymal cells die by apoptosis in a distal to proximal direction (figure 5a).
(Ede 1973). Therefore, the independent evolutton of interdigital webs could be
expiefinedﬁ}ﬁé loss of al;optosis between dII, dIII, and -dIV in different
clades. The existence of semi-palmate feet (e.g. Anseranatidae) could be

explained by the interruption of apopiosis in the distal-to-proximal direction.
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Nevertheless, apoptosis between dI and dIl does occur in palmate and semi-
palmate feet. The evolution of totipalmate feet means the further absence of
apoptosis between dI and dII in some clades, implying the existence of a
possible antero-posterior direction of apoptosis, as suggested by some studies

in chicken embryos (Bastida et al. 2004) (figure 5¢).

HH36

Anisodactyl Palmate Totipalmate

/H\

Figure 4.5. Differences in the apoptotic pattern of interdigital webs cause the differences seen in the
adult morphology of bird feet: (a) HH27 and HH31 chicken (Gallus gallus) limb bud showing the
development of digits and the presence of interdigital membranes; (b) HH36 ducks (A. plathyrhynchos),
retain membranes between digits II, 11T and 1V, losing only the web between digits I and II. Note as
embryonic digit I is not so smaller than other digits as it is in adult ducks (black arrowhead); (c) The
apoptosis of interdigital webs in embryonic feet after HH34 determines if a foot is either anisodactyl,
palmate, or totipalmate.

The phylogenetic evidence for a correlation between the altricial
mode of development and the absence of apoptosis of the web between dI and
dII is weak. With the exception of the Phaethontidae, whose relationships are

uncertain, all other totipalmate birds are Aequornithes, and the presence of

totipalmate feet, although not a synapomorphy of this clade, could still bare
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phj;logenetic siér;iﬁ;:;ncé..Mbreover, it has been pointed that all tolipalmate
Aequornithes have large halluces and the maintenance of the web could be
related to its larger size, compared to most palmate birds which have a small
hallux and, consequently, small webs that could be lost much easier than in
toti.p;h;i.ate .birds (Mayr-2005}.

Nevertheless, it is notorious that precocial birds are never
totipahriate - includin":g,r the palmate Gaviidae, the only precocial Aequornithes
—and pel?cans are-super-altricial totipalmate inside a clade composed by semi-
altricial anisodactyl birds. Moreover, palmate birds usually have a small hallux
as adults, but the difference is less prominent at early development when web
apoptosis occurs (figure 5b). The question if developmental mode, hallux size,
_ phylogenetic relat_ion'ship or other fz;ctors represent a constraint for the
evolution of a web between dI and dII remains open.

(b) Embry(‘)nic muscular a;:tivil;y and evolution of avian toe’s
orientation

The»phylogeneti:(:_pattern strongly suggests that modifications in the
orientation of digits have been allowed b}; morphological variations associated
to altriciality. A major characteristic of altricial birds is the slowed late
embr_yonié development, followed by fast post-hatching grow rates (except for

Aequornithes) (Starck 1993, Grady et al. 2014) (figure 6a). The differences are
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Figure 4.6, The altricial mode of
development and its relation to
skeletal flexibility. (a) The slowed-
down late development and its
consequent delay in ossification result in
a bigger window of possibility for
muscle activity to modify the skeleton
(modified from (Starck 1993)). (b)
Comparison between the two contrasting
developmental modes of the precocial
and  anisodactyl quail (Coturnix
Japonica) and the super-altricial and
zygodactyl budgerigar (Melopsittacus
undulatus),;  (c) Comparison  of
ossification progress during embryonic
time between quail and budgerigar. Both
species begin to ossify arounf the same
stage. Upon hatching time, precocial
birds are almost completely ossified,
locomotory active and able to feed alone,
while altricial birds are poorly ossified,
locomotory inactive and unable to feed
by themselves.




particulaﬂ'y remarkable in the skeleton. Precocial and altricial birds begin
ossiﬁt;ation at similar stag'e;, around HI32. Never[;heléss, when altricial
species hatch, large parts, of the skeleton are still cartilaginous, while precocial
hatchlings have ossified most of their skeleton (Maurer and Raikow 1981)
(figure 6c). "'I‘he slbwing_ dOWI_} of skeletal differentiation in altricial birds begins
around HH35, precisely the period when digit orientation is defined (figure
6b).

The musculoskeletal system controlling toes is functional [rom
around the second half of the -embryonic period (HH35), also at the period
digits orientations are being defined. It has been shown that the development
of zygodactyl feet in Psittaciformes is caused. by the action .of asymmetrical
forces during development due. to the loss of intrinsic muscle of the fcel
(Botelho et al. 2014). These intrinsic muscles individually control the
extension, flexion, adduction or abduction of toes. During the early
embryogenesis of budgerigars (Psittaciformes), the musculus extensor brevis digiti
1V degenerates, and in the absence-of this muscle, the musculus abductor digiti
IV abduces the efn]jlyon.ic-digit IV until reaching a zygodactyl orientation. The
same asymmetric muscular morphology is present in Pici (Swierczewski and

Raikow 1981). A similar asymmetry in the musculature of digit II (presence of

105




the musculus abductor brevis digiti IT and absence of musculus adductor brevis digiti
I} is exclusively seen in the heterodactyl trogons.

| We propose that the correlation seen between altriciality and fect
m‘OI.'pholO‘gy coilild bete“Xplnainf('ed considering that the action of foot muscles can
modify the orientation and shape of skeletal elemenlts in a more radical way
when exerted over thie embryonic skeleton of altricial birds. This could be
because the development ‘of embryonic cartilages is plastic during a specific
stage o;' ,“Wil:l.d()““f” that is more prolonged in the generally slowed-down
development of the skeleton of altricial birds (Figure 6a). Intrinsic foot muscle
organization is highl)lf variable in extant birds {Hudson 1937, Hudson 1948,
Berger 1960, George and Berger 1966, Maurer and Raikow 1981, Swierczewski
and Raikow 1981, Raikow 1985, Raikow 1987). Missing or reduced muscles
generate asymmeric forces over individual digits. These asymmetric forces can
transform the orientation of the digits only if the skeleton upon which they are
acting is“ plastic during 'enough tme. Zygodaciyly, heterodactyly, and
pamprodactyly would -have developed in every super-allricial clade where
asymmetric forces were acting on the toes. In this model, a different kind of
musculoskeletal topology may not be required for the lransition from a semi-
zygodactyl to-fully. zygodactyl foot, which may require just a change in the

duration of the period of skeletal plasumty, as suggested by the fact that semi-
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zygodactyl birds are not super-altricial, but altricial or semi-altricial (figures
2m, 3, 4-and 6a)..

Another characteristic possibly related to super-altriciality and the
loss of inlrinsic muscles of the foot is syndactyly. The condition could be
related to the reduction .of movements in the proximal phalange, since
Upup'ifoﬁfles, Alée&inifomnés, Passeriformes and Trochilidae have lost most of
the intrinsic muscle of the foot, specially the abductors (Hudson 1937, Maurer
and Raikow 1981, Swierczewski and Raikow 1981, Zusi and Bentz 1984,
Raikow 1987). Non-syndactyl taxa closely related to syndactyl birds usually
p;'eséht shallow incisures intertrochlearis lateralis and small divarication angles
between digits, already indicating the presence of modified muscles of the
foot. Altricial birds that present symmetric intrinsic muscleszof the foot, like

pigeons, are perfectly anisodactyl (Cracraft 1971).

107




4.5. Conclusion

Birds are Raedomorphic dinosaurs (Bhullar et al. 2012) and many of
their characteristics are B%aljeved-to be -due to the conservation of juvenile
characteristics: the loss. of teeth, large brains and eyes, fusion of bones, elc
(O’Conmor et al. 2011, Balanoff et al. 2013). We propose that super-altriciality
is related to further heterochronic transformation of some extant bird taxa.
These ontogenetic changes resulted in a delay of skeletal development, with
prolonged stages that allow for plasticity of the embryonic skeleton, which in
turn allowed the transformation of foot morphology by the embryonic
muscular system. In-summary, we propose that secondary transformations of
bird foot morphology are driven-.'by two major processes: (i} the occurrence and
direction of interdigital tissue apoptosis, and (if) the influence of intrinsic
.muscles of the foot over the orientation of digits in birds where altriciality has

increased plasticity during skeletogenesis (figure 7).
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. CONCLUSION::

5. Fésiles, Evolucién y Desarrollo

A pesar de que la explicacion recapitulacionista hoy resulla
inapropiad;L y anacrénica, la conservacién.de patrones tempranos seguidos por
modificaciones tardias es un fenémeno que demanda la atencion de la Biologia
Evolutiva actual (Gouid 1977).

_ Las transformaciones evolutivas en la estructura esquelética pueden
ocurrir por variaciones en la condrogénesis temprana y/o la condrogénesis

tardia. La condrogénesis temprana define-la topologia general del esqueleto, al

determinar el numero, tamafio y posicién de las condensaciones

1mensenquimales. En muchas instancias las variaciones evolulivas en la

-

estructura esquelética de los miembros son causadas por modificaciones en la

condrogénesis lemprana, como por ejemplo, el nitimero de digitos presentes en

el ala y en la pata de las aves (Parker 1888, Hinchliffe 2002). Las diferencias
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causadas por modificaciones en la condrogénesis tardia se originan durante la
diferenciacién y el crecimiento del esqueleto. Muchas de las caracteristicas que
distinguen al esqueleto de las aves modernas del de sus ancestros resultan de
modificaciones en la condrogénesis tardia. Algunos ejemplos son la fusién de
los tarsales: pr(?ximales -a la tibia, la fusion de los tarsales distales a los
metatarsos, y la re-orientacién de los dl'gi-tos (Morse 1874, Namba et al. 2010).
Es la conservaciéon del patrén de condrogénesis temprana, seguido por
modificaciones en la condrogénesis tardia lo que genera una aparenle
tecapitulacién de la filogenia en la ontogenia.

El estudio de las variaciones en la condrogénesis tardia como agente
de la transformacién evolutiva ha ganado atencién especialmente por su
capacidad de esclarecer problemas macroevolutivos, es decir, el origen de
.inn‘ova;:ior‘les' evoluiivas que diferencian a grandes grupos de organismos. Es el
caso, por ejemplo, del origen del caparazén de las tortugas (Hirasawa et al.
'2013), el ala de los n;urciélagos (Farnum et al. 2007) y el oido medio de los
mamiferos (Luo 2011). La investigacidn de estos casos se enfrenta con las
diﬁm-ﬂtades- asociadas. al trabajo con organismos no modelos y con estructuras

anatémicamente complejas, pero se beneficia de la integracién de Ia

= T

morfologia comparada, paleontologia y sistematica para aproximarse a lemas
inabordables por la Biologia Evolutiva tradicional. Nosotros hemos empleado

esta aproximacién integrativa para ‘investigar el origen de innovaciones en la
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pata de las aves vivientes. Utilizando datos y métodos filogenéticos pudimos
identificar aspectos que demandaban una investigacion embriolégica, ast como
reciprocaménte pudimos apoyar la. interpretacién de los datos embriologicos
en io§ =pat;dnés i;lorfolégiﬁbéniﬁdibados porla filogenia.

El estudio de la condrogénesis tardia en relacion a lemas
macroevolutivos comtnmente involucra la investigacién de influencias
reciprocas entre diferentes elementos del esqueleto (por ejemplo, en el
desa;'rollo de;l ‘;capareizén de las to'rtugz;s, arriba mencionado). Estas
interacciones tienen el potencial de, a parlir de un cambio inicial en una
estructura, generar médi'ﬁcaciones en otras estructuras. La importancia de las
interaccioneS'entre‘lslis partes del organismo durante el desarrollo es evidente
en los casos de heterocronia durante la diferenciacion del esqueleto (Meyer
1987, M ller 1991, Cubo et al. 2000, Weisbecker et al. 2008). Estructuras que se
difererician antes o después pueden originar modificaciones como alometrias
(diferencias c"l}_a tamano entre-estruct.uras) y paedomorfosis (retencién de rasgos
juveniles), teniendo gran impacto en la forma general del esqueleto. Otra clase
de interaccién importante durante la condrogénesis tardia es la accién
muscular durante el d;sarrollo del esqueleto (Hall 1989, Wu et al. 2001, Blitz et
al. 2009).*La .actividad m;scular puede causar desde pequeiios cambios de

forma hasta modificaciones importantes, como la fusién, pérdida o aparicién

de nuevas estructuras. Estos dos mecanismos en si - heterocronias e
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inﬂuencia; musculares — son reconocidamente importantes para el desarrollo y
la evohicion “de'lfiesqueletc‘). En esta tesis mostramos ademas cémo estos dos
procesos pueden estar relacionados en el origen de innovaciones evolutivas, al
mostrar ¢émo retrasos én la diferenciacién del esqueleto amplian la ventana
temporal de influencia de la musculatura durante el desarrollo de los digitos
de las aves. El desarrollo del halux oponible es causado por la torsion del Mtl,
el que a su vez es posibilitado por un retraso en la diferenciacién de su
.cartilago. La evolucién de reorientaciones secundarias del pié anisodactilo es
causado por reducciones de la’ musculatura del pie y es posibilitado por
heterbc‘rom’as (;n el ci(_asarrollo del esquelet_o asoctadas a la altricialidad.

Este tipo de investigacidn sobre mecanismos ontogenéticos
Tesponsables por innovaciones evolutivas contribuye también a la discusién
general sobre los mecanismos evolutivos. La Biologia Evolutiva hegeménica,
inspirad;i en los modelos de la Teorfa Sintética, considera variaciones en las
frecuencias génicas en respuesta a demandas ecoldgicas como el agente
determmanie de Ia ‘ direccion de los cambios evolutives, Este modelo,
concgbido antes del advenimiento de la genética molecular, presume una
relacién simplista entre Ia accién génica y la morfologia. Esta simplificacién no
s6lo hace que el modelo sea incompleto, sino que también lo hace impreciso,

por ignorar cémo la construccion del fenotipo actita direccionando.el cambio

evolutivo. En los casos estudiddos en esta tesis, pudimos apreciar cémo las
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transformaciones en la morfologia d;a la pata de las aves son limitadas y
frecuentemente convergentes. Las interacciones en el desarrollo del sistema
musculo-esquelético ‘eri conjunto con variaciones en la temporalidad del
desar;_‘ollg han permitido generar ia diversidad de fenotipos en la pata que hoy
podemos observar asociada a una diversidad semejante en modos de vida.

Si la Biologfa HEvolutivo del Desarrollo puede hacer un cambio
significativo en la estructura de la teoria evolutiva, como actualmente es
«discutido por diversos autc.)r(_a‘s,_ ésta debe expandir sus practicas y métodos, y
abarcar los multiples niveles de la organizacién biolGgica. Esta tesis hace una
pequefia contribucién en este sentido al mostrar, desde un abordaje

integrativo, cémo meeanismos ontogénicos son capaces producir mucha de [a

diversidad del pie de las.aves.
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1. Introduction

Differences’ in the morphology of the foot are among the main factors that
allowed the specialization of the avian leg (for a review, see [1]). The ancestral
condition to extant birds was a four-toed cursorial foot (but functionally tridac-
-tyl), as observed in non-avian theropods {2,3}. "The anisodactyl foot—where the
digits IT, i and IV are oriented forwards, while digit I is oriented backwards—
evolved in early Avialae by the retroversion of the hallux [4,5]. In extant birds,
modifications of the anisodactyl foot produced similar morphologies indepen-
dently in different taxa. Several families reduced or lost the hallux, among
them some- palaeognathous (osttich and allies), Rallidae (rails), Mirandomithes

_ {flamingos and grebes} and Charadrii (plovers, sandpipers and allies).
" Palmated feet with webs between the digits evolved in many species of aquatic

birds, Further anatomical variation was generated by changes'in the orientation
of the dlglts Zygodactyl foot have digits I and IV oriented backwards and
digits IT and III oriented forwards, and have evolved independently by the
backward orientation of digit IV (dIV) in at least three extant clades: Cuculidae
{cuckoos), Psittaciformes (parrots) and Piciformes (woodpeckers and allies).
Some birds are semi-zygodactyl and can facultatively change the orientation
of dIV, like Musophagidae (turacos), Pandionidae (ospreys), Strigiformes {owls)
and Coliidae (mousebirds). An arrangement that is functionally similar to zygodac-
tyly, named heterodactyly, has evolved in Trogoniformes {trogons), where digits I
and II are oriented backwards, and digits IIl and IV are oriented forwards, Finally,
swifts (Apodidae}have a pamprodactyl foot, acondition where all four digits can be
.otiented forwards. .
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It is remarkable that almost every variation of the anisodac-
tyl foot has evolved independently in differenit lineages. This
suggests that'not only ecological demands, but also develop-
mental factors could have driven the direction of evoluhonary
changes [67]. To understand the nature of those factors,
we explored one of these transformations—the origin of the
zygodactyl feet—from a developmental petspective.

Previous studies about the origin of zygodactyly have
focused on its functionality and on its underlying musculoske-
letal organization. Zygod'actyly ‘has often been considered
as an adaptation for climbing, perching or manipulation
[1,8-10]. However, taking intc account the diversity of niches

occupied by extant zygodactyl: spec1es, and also the “fact,

that those same niches are occupied by non-zygodactyl birds,
it is not straightforward to find a common evolutionary scen-
ario to explain its origin. Moreover, anatomical compatisons
show that there is not 2 common muscular anatomy to all zygo-
dactyl feet [11--14), making it difficult to, recognize which
muscular topology is specifically related to that arrangement.

The digits are controlled by a complex combination of individ-.

ual muscles, Fléxor muscles, responsible for grasping

movements, are found in the ventral side, while éxtensor

muscles, responsible for ‘releasing, are found in the dorsal

side. Adductor and abductor muscles are defined in relation
to the limb axis. Therefore, the abductor of dIV is the muscle
inserted on the lateral side of dIV, while the abductor of digit
IT {dII} is inserted on the medial side of dII. The muscles that
control the digits can be further classified according to their
location into intrinsic and extrinsic muscles. The exirinsic
muscles are situated in the crus; while the intrinsic muscles
are situated in the foot. Each zygodactyl taxon differs.in the
nttmber and the-organization of those inuscles.

In this work, we investigate the development of the foot
musculoskeletal system of a zygodactyl bird—the budgerigar
(Melopsitiacts undulatusy—to discern which, factors are causally
related to its development and to understand. the possible
causes of its convergent evolution. For appropriate inference, we
also examined the development of the foot of the Japanese quail

{Coturnix japonica) and zebra finch (Taeniopygia guttata), two.

anisodactyl birds with radieally different evolutionary histories.

2. Material and methods

(a) Animals

Fertilized eggs of Japanese quail (C, japonica), zebra finch (T. gut-
tata) and budgerigar (M. unduldtus) were obtained from colonies
at the University of Chile. The eggs were removed from nests'and
incubated in an incubator with automatic rotating shelves at
37.5°C and 60% humidity, The nomenclature employed for the
skeleton, muscles’ and tendons follow Nemina Anatomica Aviuti
[15]. The embryos weré staged using the normal table for
Gallus gailus [16).

(b) Cartilage and bone stain

Developmental series for each species investigated were prepared
for skeletal staining. Embryos were-fixed in 100% methanol for at
lcast 2 days. Cartilage was stained with a solution ‘of 0. 02%
Alcian Blue (Sigma-Aldrich) diluted in 5:1 ethanol/acetic acid
for 24—48 k. Bone was stainéd with a sclution of 0.02% Alizarin
Red (Sigma-Aldrich) diluted in water with 0.5% of KOH for 2h.
The excess of dye was washed with water, and the muscles were
macerated with 2% KOH. The embryos were cleared in a series
of glycerol.

Al

() Immumnchistochemistry and immunefluorescence

Four embryos for each stage were used for immumofluorescence
against myosin (C. japonica, M. undulatus and T. guilats) and
tenascin (M. undulatus). Embryos were fixed in Dent's fix (4:1
methanol : DMSO) for 2 h, dehydrated in a series of methanol
and left for at least 12h at —80°C, Then, the specimens were
bleached in Dent’s bleaching (4:1:1 methanal : DMSO : HoOy)
for 24 h at room temperature. They were rehydrated in phos-
phate buffer with 1% friton X-100 (Sigma) (PBST). Primary
antibodies against myosin {MF-20 from DSHB, Jowa) and tenas-
cin (M1-B4 from DSHB, Towa) were diluted 1:20 in PBST, 5%

- horse serum and 5% DMS0. Embryos were kept in primary anti-

body-for 48 h at 4°C in an orbital shaker. Embryos were washed
in PBST six times for 1.h. Secondary antibodies anti-mouse made
in donkey. coupled to horseradish peroxidase (715-035-150, Jack-
son ImmunoResearch) or ‘Alexa-Fluor 594 (715-585-150, Jackson,
TmmunoResearch) were diluted 1:300 in PBST, 2% horse
serum and 5% DMSO. Embryos were kept in secondary antibody
for 24 h at 4°C in an orbital shaker, They were washed again
in PBST six times for 1 h. Embryos labelled with horseradish
peroxidase were revealed with Diamincbenzidine substrate
(11718096001, Roche Applied Bioscience). To avoid background,
the first 10 min of reactions were carried out in ice.

{d) Paralysis

Fourteen budgerigar embryos were pharmacologically paralysed;
eight survived. After candling the egg, a small hole was opened
with a needle over the air sac. A single dose of 20 ] of a solution
containing 2 mg ml ™" of decamethonium bromide diluted in phos-
phate (modified from [17]) was then delivered with a micropipette
to embryos at HH31 [16). The egg was sealed with a glue gun and
incubated without movement for 4 days.

3. Results

(a) Rotation of digit IV in budgerigar development

(Psittaciformes}
The first step to understand the development of the zygodactyl
foot was to determine when and how dIV changes its orien-
tation, departing from ‘the development of the anisodactyl
foot. Limb development is well known in chicken and quail,
and thus these animals yield good anisodactyl models to
compare with the budgerigar. In these taxa, the toes develop
from cartilages originated in a pad-like flattening of the distal
limb bud. Chicken limbs exhibit the cartilages of the four

digits at HH31, except for the distal-most phalanges [16], At |

this stage, toes are united by mesenchymal tissue and oriented
in the same plane, Posteriorly, the tissue between the toes
becomes a thin web, the digits elongate conspicuously, and a
collar of bone begins to grow at the centre of each metatarsus
{HH34). Eventually, the digits separate from each other
(HHS5), the hallux rotates ventrally and the primordia of the
claws appear (HH36).

We produced a developmental series for the budgerigar
stained with Alcian Blue and Alizarin Red. At early stages,
the development of the foot of the budgerigar does not differ
from what has been described for the domestic chicken. The
first sign of zygodactyly occurs around HE35, when dIV
rotates medio-laterally at the level of the articulation between
the metatarsus and the proximal phalanx (figure 1a,b}. Conse-
quently, the medial side of the phalanges of dIV comes to face
dorsal and the lateral side to face ventval, The dIV is then flexed
and acquires a right angle in relation to the main axis of the

SOL0L0T “L8Z 8 05§ D0k Bivusiandaposyeforqds!




Downloaded from rsph.royalsocietypublishing.org on June 25, 2014

@y pEH3M+  HE3

X5

(b

HH37 HF138

HH38

)

HH32

HH36 HH338

TrA
~

HEI38

Figure 1. (a) The anatomy of budgerigar early foot development. (b) The anatomy of budgerigar early hindlimb skeletal development. Carilages stained with Aldan
Blue, bones stained with Alizarin Red. (¢} The trochlea accessoria (TrA) at different stages: MtV has been isolated and photographed in lateral view. (d) Diagram
plcturing the change of diV orientation during development. Scale bars: (a,6) 1 mm; {c) 200 um, {Online version in colour.)

metatarsus (HH36). The morphology at this stage is similar to
that of adult semi-zygodactyl birds like owls and touracos,
Eventually, dIV rotates further towards medial and the foot
becomes fully zygodactyl (HH37), The rotation and flexion
of dIV is followed by a ventral outgrowth of the distal end of
metatarsal IV. First, it develops'a wing-like flange similar to
the trochlea -accessoria {TrA) observed in senﬁ-Zyéodact_ﬂ
birds (HH36); later it acquiies the houked-éhhpe {or sehuerhalter)
characteristic of the TrA of fully zygodaciy! birds like Psittaci-
formes and Piciformes (figure 1c). In summary, during the
development of the budgerigar foot, dIV rotates at HH35,
flexes at FIH36 and further rotates at ITTH37 (figure 1d).

(b) Extensor brevis digiti IV is lost in the development
of the budgerigar

The time arid mode of change-in orientation of dIV suggest
that early muscular activity could be acting in the transform-
ation of the foot, The early development of avian hindlimb
muscles has been studied in the domestic chicken [18-21].

Muscle cell precursors that originated in the lateral somite
migrate to the limb bud around HH22 [22]. The precursor
cells generate a dorsal and a ventral mass of differentiating
muscle fibres. Bach mass divides, generating successively
smaller masses, and eventually forming each individual
muscle around HH35. Movements of the ankle and digits
begrin at HH32 and at HI35, respectively [23].

The complex combination of muscles and tendons con-
trolling bird toes is highly variable among taxa. There is a
large amount of literature concerning this variation, as it
has been employed to investigate the high-order phylogeny
of birds [12,24,25)], Those studies suggest that for Neomithes,
the ancestral condition for the muscles controlling dIV is
similar to the condition observed in Galliformes, like the
chicken and the quail. In those birds, the extension of dIV
is controlled by one extrinsic muscle attached to the dorsal
side of the distal phalanx (M. extensor digitorum longus)
and one intrinsic muiscle attached to the medial side of the
proximal phalanx (M. extensor brevis digiti IV—EBDIV).
The medial insertion of EBDIV probably enables it to act
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Figure 2. Immunohistochemical reaction against myosin 2 showing the early development of dorsal and ventral feot musdes In (a) quails and (b} budgerigars.

Black arrows Indicate the EBDIV. {Online version in colour.}

also as an adductor. The flexion of dIV is coritrolled by two
extrinsic muscles attached to the distal phalanx (M. flexor
digitorium longus and flexor perforatus digiti IV), while its.
abduction is prodirced by a ventral intrinsic muscle inserted
in the, latéral face of the proximal. phalanx (M. abductor
digiti IV—ABDIV) (figure 3d). )

To compare the development of the muscles controlling
dIV in the anisodacty] quail and the zygodactyl budgerigar,
we examined embryos immunostained for myosin type 2. We
found that the development of the extrinsic mpuscles is very
similar in both species. However, the two species differ in
the intricate set of fusions, changes in size and displacement of

the muscle belly in relation to the metatarsus that are under-
gone by the intrinsic muscles.

Initially, the feet of both species exhibit the primordia of
four dorsal and four ventral muscles (figure 2a,b). The most
lateral primordia of the dorsal and ventral sides of the foot
generate the EBDIV ‘and ABDIV, respectively. Both muscles
becoine well developed by HF36 in quail embryos. Never-
theless, in budgerigar embryos, EBDIV degenerates soon
after it separates from the other muscles and is reduced to
a thread at FH37 (the presence.of a small EBDIV has been

-reported for. one species of parrot [13], but the muscle is

absent in other described Psittaciformes [11,26]). On the
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Figure 3. (1) Immunohistochemical reaction against myosin 2 showing the late disposition of the ABDIV {black armows) in relation to changes in the orientation of
diV in budgesigars. (6} Immunohistochemical reaction against tenascin showing the insertion.of the tendon of the ABDIV (white arvaws) during budgerigar devel-
opment. (c) Morphology of diV in paralysed embryos; (c') detail of the trochlea accessorla. {d) Diagram illustrating the deve[opment of the musculoskeletal system
in the hudgengar FDL, flexor digitorum’ Iongus EDL, extensor dlgltorum Iongus, FPDIV, flexor perforatus digiti IV. (Online version in colour. In [d), muscles are

*shown In red, Skeleton in blue)

other hand, the ABDIV becomes strongly developed and -its
muscle belly extends for four-fifths of the me;tatarsal length
(figure 3a).

These differences in muscle size could generate an asym-
metric relation of forces, which is coherent with the rotation
of dIV observed at HH35. The absence of a muscleinserted
in thé medial side and.-a- stout fnustle in the lateral side
could account for the rotation of dIV from medial‘to lateral.
Then, as the lateral side of the phalanges passes to face ven-
tral, the action of ABDIV results in flexion of the digit, which
acquires a right angle in refation to the limb main axis (HH37;
figure 3b,d). Further flexion of dIV by action of ABDIV, while
being constrained by the extensor muscles, would lead to the
final zygodactyl orientation, attained at HH38.

(d) Muscufar paralysis in hudgerigar results )

in anisodactyl feet

To test the hypothesis of the influence of early muscular
activity on the development of zygodactyly, we pharmaco-
logically immobilized budgerigar embryos and examined

the resulting foot phenotype. The i ovo injection of the:

cholinergic agonist and neuromuscular blocker decametho-
nium bromide (r=28) produced paralysis in budgerigar
_embryos Treated embryos were anisodactyl at HH37 and
HH38, and did not develop the TrA (figure 3c): Some other

typical deformities observed in paralysed chickens {27]
were also observed in paralysed budgerigars, such as
reduced body size, incomplete fusion of the sternum and
non-fused mandibular symphysis. Nevertheless, paralysed
budgerigars did not exhibit any major general deformities
that could justify the lack of rotation of dIV.

(d) Both extensor brevis digiti IV and abductor digiti IV
are lost in the development of the zebrafinch
(Passeriformes}

Most foot muscles are known to have been lost or vestigia-
lized in Passeriformes [25,28], but their early development
is still unknown. Taking into account the influence of
muscle action on the development of zygodactyly in the
budgerigar, we investigated the development of hindlimb
muscles in the anisodactyl foot of the zebra finch (T. guttata).
We observed that, similar to quails and budgerigars, the
primordia of four veniral and four dorsal muscles are present
at early stages (figure 4). However, most intrinsic muscles
become vestigial during development and are almost indis-
cernible at HH37 (figure 4). The absence of both EBDIV
and ABDIV acquires special significance since phylogenetic
analyses of fossil and molecular data suggest that Passeriformes
could have evolved from zygodactyl ancestors, and are thus
secondarily anisodactyl (see Discussion).
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ventral.

Figure 4. Immunchistochemici! reaction against myosin 2 showing the. early
development of dorsal and ventral foot muscles in zebra finch.. Most musdles
disappear at HH37. Arows, EBDIV; amow heads, ABDIV. (Onlfine version in
colour.)

4. Discussion

Whole-mount  immunostaining of the small developing.
muscles and tendons allowed us to compare the embryonic
musculoskeletal system.of anisodactyl and zygodactyl birds.
These observations revealed that. cha.ng&s in the-orjentation of
budgerigar dIV during ontogenesis occur concomiitant to the
modifications undergone by the intrinsic muscles controlling
it. While the anisodactyl quail develops fully functional
ABDIV and EBDIV, the zygodactyl budgerigar fails to develop
an EBDIV. In the absence of the EBDIV restricting dIV move-
ments, the abduction of dIV could cause the ontogenetic
transifon from anisodactyly to zygodactyly. Consistently,
paralysed budgerigar embryos develop an anisodactyl foot,
which confirms that muscle activity. s riecessary for the onto-
genetic reorientation of dIV. In summary, our. new data
provide compelling evidence that the development of the zygo-
dactyl foot in the budgerigar is caused by the asymmetric action
of intrinsic muscles controlling dIV.

As the strong extrinsic flexor and extensor muscles can con-
trol more than one digit, most studies of the zygodaciyl foot
have looked for a common miscular organization of the extrin-
sic muscles.controiling both retroverted digits dI and dIV in
zygodactyl birds [1,8]. Our investigation of the ontogenesis
of the musculoskeletal system identifies the reduction of
smali intrinsic muscles simultaneous to' dig'ft retroversion as
the most likély cause for the development of zygodactyly in
thebudgerigar. The identification of the importance of intrinsic
muscles brings an important new aspect to consider in the
evolution of specializations in the avian foot.

(a) Epigenesis and convergence
The development of the musculoskeletal system depends on
the functional interlocking of initially independent processes.

Muscles, tendons and bones have different embryological

origins. When brought together, their interactions have reci-
procal morphogenetic effects [29]. Consequently, those
interactions are potential sources of variation. Modifications
in the early muscle precursor tissue can cause variations in
the skeleton, and vice versa. The developmental mechanism
here proposed for the origin of zygodactyly provides an
example of the power of those embryonic interactions to
generate and drive evolutlonary transformations {7,30].

‘Theavian tarsometatarsus ongmates from the fusionamong
the diaphyses of metatarsals II, TIl and IV, and the distal tarsal
cartilage [31], This fusion initially produces a common ossified
diaphysis with three independent cartilaginous epiphyses in
each side. At the proximal end, the interaction with tendons
models the hypotarsus. At the distal end, the complex combi-
nation of muscles controlling the digits results in an intricate
set of epigeneticinfluences over each of the individual epiphyses.
For example, birds that lack intrinsic muscles of the foot usually
present small incisuras intertrochlearis, narrow and parallel tro-
chleag, etc. We propose that zygodactyly and the associated TrA
are produced by this same kind of process. They result from the
epigenetic influence of muscular forces over the skeleton,

The reoccurience of a similar set of influences over the
skeleton of related lineages could cause convergent evolution
[32-34]. The early preserice of the primordia of intrinsic muscles
of the foot and its variable posterior disappearance or reduction
yield a drive for the repetition of similar influences and, conse-
quently, for the transformation of the avian foot skeleton. These
two factors—the effect of musclé over the form of digits plus
the bias for the transformation of intrinsic muscles—provide a
mechanistic explanation for the convergent evolution of zygodac-
tyly. The convergence would have been facilitated by the
flexibility of the muscular system added to its influence over
the skeleton. As muscles were reduced, lost or reacquired, similar
skeletal morphologies evolved in parallel, including zygodactyly.

(b) Zygodactyly in extant and fossil birds

Zygodactyly-has originated at least three times in extant birds:
in Piciformes (Pici + Galbulae), Psittaciformes and Cuculidae
{figure 5}, The cuckoo-roller (Leptosomus discolor) may repre-
sent a fourth independent origin [41-43]. The developmental
mechanism proposed for the origin of zygodactyly—an imbal-
ance of forces in the lateral and medial sides of the proximal
phalanx—may also explain the evolution of zygodactyly in
Pici (barbets, toucans, woodpeckers and allies). They are the
only other Telluraves (clade comprising, most arboreal
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The position of Zygodactylidae. and stem Psittaciformes follow [38—40].
{Online version in colour.)

birdsy—besides parrots—that: have lost EBDIV but conserve
ABDIV (figure 5) [14,15].

Extant Galbulae [12] and Cuculidae [14,44,45] exhibit the
EBDIV, and a furrow (sulcus extensorius) on the dorsal tar-
sometatarsus indicates that EBDIV is also present in stem
Cuculidae [46,47], stem Psittaciformes [38;48--50] and stem
Piciformes [10,51]. Those taxa have two characteristics in
common: a TrA smaller than the one present in crown Psitacc-
formes and crown Pici [10,41, 46 48,51,52], and an unusual
trajectory of the EBDIV: tendon ‘it does not pass’ through a
foramen between mtlll and mtIV—the canalis .interosseus
distalis—as in most anisodactyl birds; it goes over-the incisura
intertrochlearis lateralis and backwards to its insertion on the
medial side of the proximal phalanx (figure 6) [11,47,50,51,53].

If a mechanism similar to the one proposed here for crown
Psittaciformes-and crown ‘Pidi is responsible for the develop-
ment of zygodactyly in ottier taxa, an imbalance of forces
acting on the proximal phalanx of dIV may be caused by
subtler dissimilarities, like differences in the size of the muscles
ar differences in the time and position of insertion of the ten-
dons, as suggested by the unusual trajectory of the EBDIV
tendon over the incisura intertrochlearis lateralis (not through
the canalis interosseus distalis).

The fossil record also'shows that the condition observed in
crown Psittaciformes and crown Pict (absence of the EBDIV,
and large TrA) is convergently derived from zygodactyl ances-
tors having a smaller TrA and the tendon of EBDIV passing
over the incisura intertrochlearis distalis. This morphological
pattem suggests that the form and size of the TrA are related
to the degree of imbalance of the forces acting over the metatar-

sus during development: those birds who lost or vestigialized

EBDIV—like crown Pici, crown Psittaciformes and, probably,
Zygodactylidae (see below)}—exhibit larger TrA than those
taxa that keep an EBDIV, like Galbulae and Cuculidae.

{Q Zygodactylidae and the loss of abductor digiti IV

in Passeriformes

The presence of a TrA in the distal metatarsal of dIV allows the
identification of zygodactyly even in non-articulated fossil skel-
etons. A group of those fossils has been recognized as a family
of extinct birds appropriately called Zygodactylidae [10,39].
Even though they exhibit a well-developed TrA in the metatar-
sus IV, similar to that found in Pici and Psitaciformes, cladistic
analysis suggests that Zygodactylidae is the sister taxon of pas-
serines (Passeriformes) (figure 5) [40]. On the other hand, one of
the most robust data produced by the new avian molecular phy-
logenies is the sister relationship between Passeriformes and
Psittaciformes [35-37,54-57]. Therefore, both the extinct and
extant outgroups to Passeriformes are zygodactyl, suggesting
that Passeriformes had zygodactyl ancestors [101.

Considering our hypothesis on the role of ABDIV in the re-
orientation of dIV in Psittaciformes, this muscle would be
expected to have been present in Zygodactylidae. Therefore,
the iriferred ancestral state for the hypothetical clade (Psittaci-
formes (Zygodactylidae + Passeriformes)}) would be the
presence of ABDIV (figure 5). In this scenario, the further
reduction of ABDIV in the lineage of passerine birds could
have caused the loss of zygodactyly, making them secondarily
anisodactyl. Passeriformes would be anisodactyl not by an
equilibriﬁ.m of forces, as in primarily: anisodactyl birds, but
by the absence of any force acting on the lateral and medial
sides,of the proximal phélanx (figure 7), similar to paralysed
budgerigars. The presence of the primordia of the intrinsic
muscles of the foot and their differential loss during the devel-
opment of each taxon indicate the phylogenetic flexibility of the
trait and support this possibility.

(d) Heterodactyly

The singular.arrangement known as heterodactyly is unique to
birds of the family Trogonidae, Those birds have digits T and II
reverted, and digits I and IV pointing forwards. Molecular
phylogenies include trogons in the Telluraves assemblage
[35], but its specific position is unresolved, If a similar mechan-
ism of asymmetrical forces at early development is responsible
for the unique change of digit II orientation found in trogons,
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Figure 6. The.topology of diV-tendons. (¢) Anisodactyl, (b} zygodactyl with EBDIV and (¢} zygodacty! lacking the EBDIV, In (b}, the EBDIV does not pass thraugh the

canalis interasseus distalis. In (ch the tendon’ls absent, Modified from [11). (Online version in colour}
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Figure 7. The distribution of dIV intrinsic muscles in {a) the primaty anisodactyl quall, (6) the zygodactyl budgerigar and (¢} the putative secondary anisodactyl
zebra finch, Budgerigar lost the EBDIV but conserves the ABDIV, Both muscles are absent in the zebra finch. (Online version in colour, Muscles are shown in red,

skeleton in blue)

the loss of muscles ought to have oceurred in the opposite sides
to that found in zygodac'ﬂyl birds. The dorsal musculus-abdue-
tor digiti I (ABDI) is inserted in the medial side of proximal
phalange of the dII and the veniral musculus adductor digiti
11 (ADDI) is inserted in the lateral side. As the toe must
rotate in the opposite direction in relation to the zygodactyl
feet, the rotation would demand the loss of the ventral infrinsic
muscle (ADDI). The hindlimb muscles of two species of the
genus Trogon have been described by Maurer & Raikow [58].
The species described:present the. ABDI but do not have the
ADDI, suggesting. that a similar mechanism: of asymmetric
muscular action could be responsible for the development of
heterodactyly. Furthermore, they are the only Telluraves clade
that have lost ADDII but not ABDII, since other clades that
do not have ADDII also lost ABDII {some Coraciiformes,
Upupiformes, Pici, Psitaciforines and Passeriforfnes)[12,28,58].

5. Conclusion

Extant birds exhibit a diversity of.foot forms, which is absent.in
any other archosaur group. The mechanism here proposed for
the origin of zygodactyly is based on transformations that
indirectly allowed that diversification in Aves, While the intrin-
sic muscles of the foot are relatively small and homogeneous

in crocodilians and theropod dinosaurs, birds have larger,
more variable and individualized muscles [59,60], which
allowed their differential influence on the skeleton. Further-
more, zygodactyl birds are very altricial and maintain the
skeleton cartilaginous for most of the embryonic period. The
action of the musculature on the avian embryonic skeleton has

.been recognized by different authors as an evolutionary mech-

anism [27,61,62]. We propose that foot muscle diversity and
their action over the flexible embryonic skeleton caused the
appearance of new foot configurations in birds, like zygodac-
tyly. New -fossil discoveries and further investigations on the
anatomy and, especially, the development of the foot of other
zygodactyl birds will contribute to test this hypothesis and
further clarify the relationship between foot morphology
and muscle development.
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